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This thesis explores pain sensitivity in adults with low back pain (LBP) before and 
after spinal manipulative therapy (SMT) using two quantitative sensory tests, pressure 
pain threshold (PPT) and temporal summation (TS). The focus was on short-term 
changes in PPT and TS after lumbar SMT and sham, and whether changes were 
clinically meaningful by exploring relationships with short-term symptomatic 
improvement in LBP after treatment and LBP trajectories. Additionally, differences in 
baseline PPT and TS based on LBP trajectory were investigated. 
An initial systematic review of adults with musculoskeletal pain found that PPT 
increases systemically at least in the short-term after SMT, but there is low quality 
evidence this is not different when compared to sham. There were not enough studies 
on TS to draw conclusions, and studies were generally of low quality. 
A subsequent high-quality randomised controlled trial was conducted, which 
found no differences in short-term change in PPT or TS after SMT compared to sham.  
Secondary analyses revealed that shoulder PPT increased immediately after 
intervention in people who had a significant improvement in LBP symptoms within 24 
hours of receiving SMT or sham, compared to people who did not experience significant 
improvement. TS did not appear to be affected. 
Further secondary analyses revealed there were no differences in short-term 
change in PPT or TS after SMT or sham when comparing people with episodic or 
persistent LBP trajectories. There were no differences in baseline PPT and TS in adults 
without LBP compared to those with episodic LBP and persistent LBP. 
Overall, it appears that short-term hypoalgesia after lumbar SMT is no greater than 
after sham in adults with LBP. LBP trajectory may not be associated with differences in 
baseline pain sensitivity or post-treatment hypoalgesia. However, it may be that people 
with a short-term symptomatic improvement in LBP after treatment have selective 
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comprises a systematic critical review investigating changes in QST outcomes before 
and after SMT in adults with musculoskeletal pain. Chapter Three relates to a feasibility 
study that investigated whether a pinprick device was suitable for eliciting temporal 
summation (TS), and to determine the testing protocol. Chapter Four is based on a 
randomised controlled trial comparing cervical SMT against lumbar SMT in adults with 
neck pain and LBP, to explore whether short-term changes in pressure pain threshold 
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PPT and TS after lumbar SMT versus a sham manipulation in adults with LBP. We 
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Chapter Five contains the primary analysis of the randomised controlled trial 
component, comparing changes in PPT and TS after lumbar SMT versus sham 
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manipulation. Chapter Six describes a secondary analysis comparing changes in PPT 
and TS after intervention based on whether participants experienced a significant rapid 
improvement in LBP symptoms or not. Chapter Seven involves a secondary analysis 
comparing baseline PPT and TS between those without LBP, those with episodic LBP, 
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of methods in the three manuscripts.
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methodological limitations, future research directions, and clinical implications. 
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a summary of the changes that were subsequently made to this thesis.
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Chapter One – Introduction 
This chapter contains a contemporary literature review of relevant topics and 
outlines the aims of the work contained within this thesis. Some relevant literature was 
published in the interim while this PhD was being undertaken, thus the literature 
review was updated to 15th January 2020. This more recent literature did not result in 
changes to the aims of the PhD and has instead complemented the work described in 
this thesis.
Musculoskeletal Pain 
In Australia and globally there is a significant problem with musculoskeletal pain. 
Musculoskeletal pain is very common and will affect the vast majority of people at some 
time [1, 2]. In fact, low back pain (LBP) is the single largest cause of disability globally, 
neck pain the fourth largest cause, and other musculoskeletal pain the sixth largest 
cause [3]. LBP has attracted extensive research in recent years, due to its considerable 
burden, and adults with LBP is the population of interest in the key trial conducted in 
this thesis.
Low back pain 
Australians have been reported to have an estimated lifetime prevalence of LBP of 
79.2% [4]. It is associated with significant time lost from work [4] and substantial 
economic burden [5, 6]. LBP is also linked to an increase in comorbidities, including 
other musculoskeletal pain, depression, and anxiety compared to the average 
population [6-8]. Thus, LBP is extremely costly on both a public health and an 
individual level.
LBP is typically defined as pain felt in the region below the 12 PPth PP rib and above the 
inferior gluteal fold, with or without leg pain [9]. For the vast majority of people with 
LBP, a specific cause cannot be identified. Cases where the LBP cannot be attributed to 
a known pathology or anatomical source are classified as ‘non-specific’ [10-12]. 
Henceforth we will be discussing non-specific LBP, unless specified.
The management of non-specific LBP is complex, since the cause is typically 
unknown and likely involves a combination of factors including biological, 
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psychological, and social [12]. Most guidelines support the use of a multimodal 
management approach including advice to remain active, education, activity 
modification, exercise, manual therapy (such as spinal manipulation or mobilisation), 
over-the-counter pain medications, and psychosocial interventions [13-15]. While there 
are many treatment options available, none have been shown to be especially superior 
to others and effect sizes tend to be small [10, 16]. This may be related to the 
heterogeneity of contributing factors for non-specific LBP. Additionally, clear 
subgroups of people who may respond better to specific interventions have not yet been 
identified. For these reasons, targeting interventions is difficult [17]. 
Low back pain chronicity and disability 
Traditionally, LBP (and other types of pain) is partly described based on the 
duration of the complaint, where ‘acute’ is pain that has lasted 0-6 weeks, ‘subacute’ is 
6-12 weeks, and ‘chronic’ is ≥ 12 weeks [18, 19]. Because of the high burden of LBP, 
considerable effort has been invested into identifying the causal mechanisms that lead 
to chronic and disabling LBP. Ideally, this will aid in preventing people from 
transitioning to chronic pain, and in effectively managing those who do develop 
chronic LBP. 
To date, a variety of potential contributors to LBP chronicity and disability have 
been identified. Various psychological variables partially mediate the relationship 
between pain and disability [20], and genetics are a likely contributor to the 
development of LBP (and spine pain generally), especially in those who experience 
more severe consequences of pain [21]. It is also acknowledged that the relationship 
between each of these factors and the development of ongoing pain is complex, various 
factors probably interact with one another, and not all factors are known [12].  
Pain processing in the central nervous system is also altered in people with chronic 
LBP, broadly contributing to a state known as ‘central sensitisation’ where nociceptive 
neurons are more sensitive [22, 23]. This encompasses changes in pain sensitivity, 
spinal cord wind-up, descending pain modulation, and the pre-frontal and 
somatosensory cortices, among others [22]. It is thought that these changes contribute 
to the development and persistence of chronic pain and disability in people with LBP 
[22, 23]. 
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Low back pain trajectories 
Traditionally, LBP has been considered as a self-limiting condition with discrete 
episodes for most people, which becomes chronic for a small portion of individuals 
[24]. This approach is being increasingly challenged by new literature [24]. Instead, 
LBP may be thought of as a condition which affects a person over their lifetime, and 
described as a pattern of LBP over time [24]. These individual patterns of LBP are called 
trajectories.
Studies have identified two broad trajectories, namely episodic LBP and persistent 
LBP [25-28], with variations in each and sometimes recovering or worsening 
subgroups. In Denmark, the episodic and persistent trajectories each appear to 
represent about one third of the general population aged 50 [26]. Episodic LBP is 
characterised by a pattern of periods of LBP surrounded by non-painful periods of 
varying duration [29, 30]. It has been suggested that non-painful periods of at least four 
weeks should be used to demarcate episodes [29]. Persistent LBP is characterised by 
LBP most or all of the time, which can be broken down into more specific trajectories 
such as persistent mild, fluctuating, or severe LBP [26, 28, 31]. These trajectories also 
appear to be reasonably stable over time. People with LBP rarely become pain-free 
(complete long-term recovery), and it is usual to stay in the same subgroup long-term, 
especially in more severe trajectories [25, 32, 33]. This suggests that trajectories may be 
meaningful patterns for describing an individual’s long-term course of LBP, which may 
offer a more nuanced understanding of individuals’ experiences of LBP, alongside the 
traditional acute and chronic model.
A proportion of individuals also tend not to suffer with LBP [25, 26, 34]. About one 
third of a general population of 50 year olds displayed little to no LBP over 12 months 
in one study in a Danish population [26], and 54% of a sample of Canadian adults did 
not report back pain over a long-term (but relatively infrequent) follow-up [34]. A 
history of no LBP is predictive of continuing absence of LBP [25]. Therefore, these 
people will tend to remain free of LBP.
As Axén and Leboeuf-Yde [24] conclude, it is unclear whether there are differences 
between trajectory subgroups in aetiology, risk factors, or neurophysiological factors. 




Quantitative Sensory Testing 
QST encompass a variety of reproducible and semi-objective procedures for 
measuring the sensory experiences of individuals. QST typically involves a standardised 
stimulus (which is often painful) and a measure of the psychophysical experience of the 
participant [35]. For example, a QST might measure a detection threshold (the amount 
of stimulus required to elicit a specific sensation), a tolerance threshold (the maximum 
amount of stimulus that a participant can tolerate), or a rating (subjective intensity 
rating of a standardised stimulus) [35].  
QST are often used in exploring the role of sensitisation in the development and 
evolution of musculoskeletal and non-musculoskeletal pain conditions, in 
understanding the mechanism of action of conservative treatments and pain-relieving 
medications, and in understanding and predicting post-operative outcomes [23]. Two 
types of QST, pressure pain threshold (PPT) and temporal summation (TS), are the 
most frequently used QST in studies investigating the neurophysiological effects of 
spinal manipulative therapy and are used in the studies in this thesis. Hence, PPT and 
TS are the most relevant and are discussed in detail below. 
Pressure pain threshold and relevant clinimetric properties 
PPT is the force threshold at which mechanical pressure first becomes painful. 
PPT, when measured using a 1cm PP2 PP probe, is a measure of deep tissue mechanical 
sensitivity and does not appear to involve superficial nociceptors [36]. Both Aδ and C 
nociceptive fibres are responsible for generating a nociceptive stimulus when PPT is 
tested [35, 37]. An increase in PPT represents a decrease in pressure sensitivity. 
PPT is measured using an algometer, typically with a 1cm PP2PP rubber probe [38]. The 
algometer is gradually pressed perpendicularly into the skin at a testing site until the 
participant indicates that the sensation of pressure has first become painful (typically 
by saying a word or pressing a hand-held button) [38]. The pressure at this point is 
recorded, and a mean of two or three measurements at the same site are used for 
analysis [39].  
It has been shown that PPT is reliable for both within-day and between-day 
measures [40, 41] and it typically has high intra- and inter-rater reliability [41, 42]. This 
makes PPT a useful experimental measure of deep pressure sensitivity. PPT also tends 
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to be similar between sides of the body [38, 43, 44]. Unfortunately, there does not 
appear to be any research that defines a minimum clinically important difference for 
PPT. The minimum detectable change for PPT, which is the minimum change that 
would be greater than measurement error or chance, has been estimated as 0.5–3.4 
kg/cm2, which equates to a 20-50% change [40, 41, 45, 46]. The large variability is likely 
because normal PPT values differ widely in different locations.
Temporal summation and relevant clinimetric properties 
TS testing appears to specifically elicit dorsal horn neuron excitability changes that 
mimic the physiological phenomenon of ‘wind-up’ [47, 48]. Wind-up occurs in 
response to a persistent or repetitive barrage of nociceptive input from C fibre 
nociceptors, and results in an increase in the excitability of the dorsal horn neurons 
receiving the nociceptive input [47]. Higher TS indicates greater wind-up or increased 
sensitivity.
TS can be elicited using painful thermal, pressure, pinprick, or electrical stimuli 
[47]. The procedure is variable, but usually involves the application of a repetitive 
painful stimulus to the skin at a rate of 0.33-1.0Hz (one to three seconds between 
stimuli) [47]. The participant is asked to rate the severity of pain using a numerical 
rating scale (NRS), at various points throughout the stimulation process but typically 
after the first and final stimuli [47]. TS is essentially the difference in pain scores from 
the first to last stimuli and there are several calculation methods [48]. TS appears to be 
relatively equal regardless of the stimulus type or location [47, 48]. 
TS seems to peak in roughly the first four stimuli in humans [47], though studies 
variably use from five to ten, or more, stimulus pulses [48, 49]. While wind-up is 
considered to be a physiological process, there is evidence that some people exhibit no 
change (around 10-20% of people) or a temporal decrease (17-20%) during a TS test 
protocol [48, 50]. When considering how TS is analysed in studies, Anderson et al. [48] 
suggest that a minimum increase in subjective pain intensity, above which TS is 
considered to have occurred, be defined, or that TS be treated as a continuous measure 
[48].
TS has been demonstrated to have good reliability within-day [51], but is less 
reliable between-day [51] and over long time periods (months) [52]. Thus, TS is perhaps 
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most useful for one off or same-day repeated measures testing to assess dorsal horn 
neuron excitability. We were unable to find any studies defining minimum clinically 
important difference or minimum detectable change for TS. Since responses to a TS 
protocol can differ widely, with people variably experiencing an increase, decrease or 
no change in subjective pain intensity during testing, these values would likely be 
difficult to define.
Factors influencing pressure pain threshold and temporal summation 
There are various physiological factors that may influence PPT and TS, which may 
be important to consider when designing studies using these outcome measures. 
Research has shown that PPTs are lower, and TS more pronounced, in females 
compared to males [53, 54]. Interestingly, gender roles (the social and cultural 
expectations surrounding gender and behaviour) also influence PPT and TS, which may 
at least partially mediate the differences between sexes [55, 56]. It appears that there 
are no differences in PPT based on age according to a systematic review [57]. For TS, 
however, there is conflicting evidence. Two studies reported no differences in TS based 
on age [48, 58], while another reported enhanced TS in older adults [59]. Some have 
also suggested that the menstrual cycle may affect PPT, but the evidence is conflicting 
and no clear conclusion can be made [53, 54].
Various psychosocial factors are known to have important relationships with LBP 
[12] and musculoskeletal pain generally [60], and therefore may also influence PPT and
TS. It appears that increased state anxiety (anxiety at the present time) is associated 
with decreased pain thresholds [61] and increased TS [56]. Pain catastrophising (the 
tendency the magnify the threat value, ruminate, and experience helpless thoughts in 
relation to a painful experience) has been linked to exaggerated TS in one study [62] 
but not another [63]. For PPT, one study found that the relationship between pain 
catastrophising and PPT might be mediated by gender [64]. The relationship between 
QST and depression is unknown.
Thus, it may be important to consider the effects of sex, gender identity, age, and 
some psychosocial variables as modifiers in studies measuring PPT and TS.
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Reference values for pressure pain threshold and temporal summation in 
healthy adults 
Reference values for PPT and TS in healthy asymptomatic adult populations from 
several studies and in several testing locations are described below. It should be noted 
that reference values for PPT vary widely between studies and testing sites. In the 
region of the upper trapezius muscle, studies have observed mean PPTs in females and 
males respectively of 2.16 kg/cm2 and 3.19 kg/cm2 [65], 2.50 kg/cm2 and 3.60 kg/cm2 
[66], and 4.15 kg/cm2 and 5.34 kg/cm2 [67]. In the lumbar paraspinal musculature, 
mean PPTs have been observed in females and males respectively of 2.65 kg/cm2 and 
4.06 kg/cm2 [65], 3.90 kg/cm2 and 5.52 kg/cm2 [66], and 4.11 kg/cm2 and 5.08 kg/cm2 
[67]. Mean PPTs in the lower leg have been observed as 4.02 kg/cm2 in females and 
5.30 kg/cm2 in males [66]. 
Similarly, reference values for TS also appear to be variable, and additionally there 
are different formulae for calculating TS which can be difficult to compare. The wind-
up ratio is the ratio of the subjective intensity of the last stimulus (or sometimes 
average) to the first stimulus. Using this ratio, reference values at the hand of 2.3 [50] 
and 1.5 [48] and at the foot of 2.5 [50] and 1.4 [48] have been reported in healthy adult 
populations. At the lumbar spine, wind-up ratios of 2.9 and 3.3 in females and males 
respectively have been observed [67]. Alternatively, using a formula for the difference 
between the subjective intensity of the first and last stimulus, reference values of 6.3 
on a 101-point NRS for the hand and 7.6 for the foot have been reported [48].
Quantitative sensory testing in clinical populations 
There has been significant interest in quantifying pain sensitisation processes 
using QST in people with various painful conditions, since sensitisation is implicated 
in the development of chronic pain [23].
People with various chronic pain conditions typically have decreased PPTs 
(increased mechanical sensitivity), including in those with chronic LBP [22], 
fibromyalgia [68], whiplash-associated disorder [69, 70], rheumatoid arthritis [71], 
knee osteoarthritis [72], headache [73, 74], and temporo-mandibular disorder [73]. TS 
is more pronounced (an exaggerated increase in subjective pain intensity over a series 
of stimuli) in various chronic pain populations, including those with chronic LBP [22], 
fibromyalgia [75, 76], whiplash-associated disorder [70], and knee osteoarthritis [72].
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However, the relationships between QST and clinical features appears to be 
complex. For example, PPT and TS are not consistently correlated with disability or 
subjective pain levels according to a systematic review [77], and QST at baseline appear 
to be poor predictors of people who will transition from acute to chronic LBP [78]. 
Other studies have found that some QST (including TS) are able to predict post-
operative outcomes [23].
Quantitative sensory testing profiles in adults with low back pain 
The evidence in adults with chronic LBP broadly demonstrates increased 
sensitivity in a range of QST compared to asymptomatic populations. The following 
discussion will focus on PPT and TS.
A recent systematic review with meta-analyses concluded that PPT is decreased 
(increased sensitivity) at locations remote to the lumbar spine in people with sub-acute 
and chronic non-specific LBP [79], but did not investigate local changes in PPT. The 
effect sizes for remote PPT were variable depending on testing site, with estimated 
mean differences of between 0.37 kg/cm PP2PP (at the arm) and 2.23 kg/cm PP2PP (at the gluteal 
region) [79]. To allow for a relative comparison using percentage differences between 
the healthy and LBP populations, we calculated the weighted mean PPT for the healthy 
populations at the arm and gluteal region from the data presented in the meta-analyses 
[79]. At the arm, the healthy population had a weighted mean PPT of 6.82 kg/cm2, 
hence arm PPT was on average 5.32% higher in the LBP populations. At the gluteal 
region, the healthy populations had a weighted mean PPT of 7.23 kg/cm2. Hence, 
gluteal PPT was on average 30.23% higher in the LBP populations.
At local testing sites (i.e. at the lumbar spine), the majority of studies indicate that 
PPT is reduced in sub-acute [80, 81] and chronic LBP [82-92] populations compared to 
healthy controls. The difference in local PPT between LBP and healthy populations in 
these studies ranged from 0.80 kg/cm PP2PP to 4.98 kg/cm PP2PP, but mostly were in the range of 
1 to 3 kg/cm PP2PP. There are, however, several studies that found no difference between 
these populations [93-97]. Collectively, these studies vary widely in inclusion criteria 




In the systematic review discussed above, TS results were mixed [79]. Meta-
analyses indicated heightened mechanical TS (increased sensitivity) at the lumbar 
spine when considering the higher quality studies, but no difference at the hand, in 
people with chronic LBP compared to healthy controls [79]. The estimated mean 
difference in local TS was 0.84 using the wind-up ratio, which is the ratio of the last to 
first subjective pain intensity rating when measuring TS [79]. It is worth noting that 
this means that the wind-up ratio was higher by 0.84 in people with chronic LBP 
compared to healthy controls [79]. For reference, we calculated the weighted mean 
wind-up ratio in the healthy controls as 2.00 [79]. 
There is a paucity of studies investigating changes in QST in non-chronic LBP 
populations compared to healthy controls. Such research offers the opportunity to 
understand the sensitisation processes that may be occurring in different courses of 
LBP. Only a single study appears to have investigated whether there are differences in 
QST between recurrent LBP, persistent LBP, and healthy control populations. This 
study found no differences in PPT or TS between any of those groups [93], which is at 
odds with the prior studies comparing chronic LBP and healthy populations. Acute LBP 
has been associated with decreased PPTs in the lumbar spine and increased TS in the 
lumbar spine and forearm in one study [98], but another study found no differences in 
PPT compared to healthy controls [92].  
Thus, it appears that acute and episodic LBP populations have been largely 
overlooked. As episodic LBP is characterised by pain-free periods of varying duration, 
at times they may be inadvertently included in healthy control groups if eligibility 
criteria are not designed to specifically exclude people with episodic LBP. It is also 
unknown whether a person with episodic LBP has different QST outcomes depending 
on whether they are in pain at the time of testing, though there is only a weak 
correlation between PPT or TS and subjective pain intensity [77, 85]. 
Spinal Manipulative Therapy 
Spinal manipulative therapy (SMT) is a manual therapy treatment that is often 
used by chiropractors, physiotherapists, and osteopaths [99]. There is moderate 
evidence that SMT may be useful for reducing pain and disability in LBP [100, 101], neck 
pain [102], and some types of headache [103], though effect sizes are small. SMT is now 
included as a conservative treatment option in many guidelines for LBP [104], as well 
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as neck pain [105]. However, currently there is a limited understanding of how SMT 
achieves clinical benefits in some people. 
There are a variety of different types of SMT, with high-velocity low-amplitude 
(HVLA) techniques being most common [106]. HVLA SMT techniques involve the 
practitioner delivering a “quick thrust carried through a short distance” with their 
hands and often aimed at a specific spinal joint [106]. HVLA SMT is often associated 
with a “cracking” noise, sometimes termed an audible release. A workforce survey 
found that 82% of Australian chiropractors use HVLA SMT often [107], and chiropractic 
care is the second most popular choice for individuals in Australia seeking care for LBP 
[108]. A variety of alternative SMT techniques are also used, particularly by 
chiropractors, which may not involve a high-velocity or thrust component and may be 
assisted by instruments or other devices [106]. As HVLA SMT is the most commonly 
used and frequently studied type of SMT, this thesis will hereafter discuss HVLA SMT 
unless otherwise specified. 
Predicting responders to spinal manipulative therapy 
Numerous attempts have been made to identify the characteristics of people who 
experience a significant improvement after SMT. If such people can be identified prior 
to or early on during care, then SMT can be better targeted toward those individuals to 
improve outcomes and reduce unnecessary care. 
A clinical prediction rule was developed [109] and validated [110] for SMT in LBP 
populations. The clinical prediction rule is based on five baseline features which 
include symptoms, physical examination findings, and a psychosocial variable. A 
subsequent study in acute LBP patients failed to replicate these results [111], as have two 
studies in sub-acute and chronic LBP populations [112, 113], bringing the clinical 
prediction rule into question. Other studies looking at SMT or chiropractic care, of 
which SMT is typically a major component, have also failed to identify consistent 
baseline predictors of symptomatic outcomes in acute and chronic LBP [114, 115] and 
neck pain patients [116]. 
A growing body of research has, however, identified that early symptomatic 
responses to SMT (and chiropractic care) are consistently able to predict longer-term 
outcomes. These studies use a variety of subjective outcomes, including change in 
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subjective pain intensity or disability, and subjective ratings of change. For example, 
studies in persistent [117] and non-persistent [118] LBP populations have shown that 
improvement by the second visit following chiropractic care is strongly predictive of 
improvement at four weeks. In acute and chronic neck pain [116] and LBP [114] patients, 
improvement following chiropractic care at one week appears to predict improvement 
at one and three months. A longer-term study found that improvement in chronic LBP 
with SMT (and adjunct light massage and ultrasound) over six weeks predicted 
outcomes at one year [115]. 
Some research has also been done investigating baseline and post-intervention 
biomechanical variables in adults with LBP based on early symptomatic responses to 
SMT. Responders appear to have less severe lumbar facet degeneration as well as higher 
intervertebral disc diffusion at baseline compared to non-responders [119]. Disc 
diffusion is assessed with magnetic resonance imaging and is a measure of the water 
content within intervertebral discs [120]. It is thought that higher disc diffusion 
indicates better disc health [120]. Early responders also exhibit increased disc diffusion 
immediately after receiving SMT [119, 121], and reductions in objective spinal stiffness 
and altered lumbar multifidus thickness that persists for at least seven days after SMT 
[121] in comparison to non-responders and healthy controls. 
Thus, early symptomatic responses to SMT (as early as after the first visit) are a 
useful predictor of longer-term outcomes. Those who experience early symptomatic 
improvement in LBP after SMT also have some unique baseline and post-intervention 
biomechanical variables, based on preliminary research, suggesting that this group is 
unique in more than just symptomatic change. Characterising these responders to SMT 
offers a promising avenue for future research which may help with improved targeting 
of SMT and in understanding the physiological mechanisms by which SMT achieves 
clinical results. 
Changes in quantitative sensory tests after spinal manipulative therapy 
There is substantial research investigating how SMT may affect various QST 
measures in healthy and symptomatic populations. It is thought that hypoalgesia 
(reduced pain sensitivity) following SMT and mobilisation may help explain their 
clinical benefits [122]. Four systematic reviews have concluded that SMT (and 
mobilisation) results in hypoalgesia [123-126], though there are differences between the 
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included populations and intervention types in these reviews, and a review of existing 
literature demonstrates that many gaps remain in our understanding of manipulation-
induced hypoalgesia. The most commonly studied QST in this area is PPT. These 
reviews discuss the location of changes in QST based on the location of the 
intervention, as this allows for inferences regarding the physiological mechanisms that 
may explain the findings. The term ‘local’ refers to QST test sites that are within the 
vicinity of the intervention (e.g. the lumbar spine for lumbar SMT), ‘regional’ refers to 
test sites that are within the related limbs based on dermatomes and myotomes (e.g. 
the lower limbs for lumbar SMT), and ‘remote’ refers to any other test site (e.g. the hand 
for lumbar SMT). 
Coronado et al. [123] included studies investigating changes in PPT after SMT in 
asymptomatic and musculoskeletal pain populations, finding that the hypoalgesic 
effect was strongest remotely. A meta-analysis found that PPT was increased post-
intervention after SMT compared to other interventions (small effect size, Hedges g = 
0.315, 95% CI 0.078-0.552), but all comparison interventions were grouped together 
(which included sham, control, and active interventions), and thus the meta-analysis is 
highly heterogenous [123]. Millan et al. [124] included studies looking at QST after SMT 
or mobilisation in asymptomatic and non-chronic musculoskeletal pain populations, 
and concluded in favour of a local and regional hypoalgesic effect for PPT. They did not 
estimate any effect sizes, but reported changes in PPT that ranged from 4.8-44.6% 
[124]. Three of the included studies measured TS, which all demonstrated hypoalgesia 
post-SMT, but thermal pain thresholds did not change. Voogt et al. [125] investigated 
studies that measured PPT or thermal pain thresholds in musculoskeletal pain 
populations after SMT and mobilisation, concluding in favour of local hypoalgesia for 
PPT but not for thermal pain thresholds. Again, effect sizes were not estimated in this 
review [125]. The most recent systematic review (aside from the review published as 
part of this thesis) by Honoré et al. [126] investigated changes in PPT after SMT in 
asymptomatic populations only and concluded that hypoalgesia after SMT appears to 
occur regionally and is greater than after sham. A secondary analysis of this data 
concluded that the PPT effect size after SMT compared to other interventions is likely 
medium to large over the 10 minutes post-intervention [127], but did not calculate 
specific estimates. There is significant heterogeneity between reviews in how effect 
sizes are reported, making comparisons difficult.
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A relatively small number of studies have investigated changes in TS after SMT. 
Bialosky et al. [128] reported a decrease in TS of 8.5 (on a 101-point NRS) at the foot 
after lumbar SMT but not after two exercise interventions in participants with LBP, and 
a decrease at the hand of 6.1 in all groups. George et al. [129] observed that TS decreased 
at the foot by 15 (on a 101-point NRS) after lumbar SMT compared to one exercise group 
(stationary bicycle) but not another (specific lumbar exercises) in asymptomatic 
individuals. TS at the hand did not change [129] after any intervention. A study by 
Penza et al. [130] calculated TS based on a slope calculated using linear regression; they 
reported a decrease in TS at the foot of 0.43 after lumbar SMT compared to no 
treatment but not compared to mobilisation. They found no change in hand TS [130]. 
Bishop et al. [131] found that TS at the hand and foot (combined) decreased by 6.5 (on 
a 101-point NRS) after thoracic SMT compared to no treatment in asymptomatic 
participants. Finally, Randoll et al. [132] observed a decrease in TS at T4 after thoracic 
SMT compared to no treatment, but effect sizes and the TS calculation method are 
unclear. Overall, TS was found to consistently decrease after thoracic and lumbar SMT, 
particularly at the foot. However, effect sizes are difficult to compare due to poor 
reporting and the use of different calculation methods. There are also no sham 
comparisons, and most studies are in asymptomatic populations. 
Other types of QST have been measured in few studies, precluding robust 
conclusions. Hypoalgesia has been observed after SMT in suprathreshold heat response 
[133], capsaicin-induced pain [134], and electrical pain tolerance [135], but not in 
suprathreshold mechanical pain sensitivity [133], aftersensations [133], and Aδ first pain 
[128]. 
When comparing changes in QST based on the spinal region to which SMT is 
applied, an apparent conflict in the literature emerges. Studies consistently 
demonstrate an increase in PPT following cervical SMT [126, 136-144], but not lumbar 
SMT [133, 145-149]. Only a single study using lumbar SMT has observed PPT 
hypoalgesia post-intervention [150]. Changes after thoracic SMT are mostly in 
agreement with the cervical SMT studies [136, 137, 140, 151, 152], with only two showing 
no change in PPT [153, 154]. It has been speculated that the conflicting results between 
cervical and lumbar SMT studies in particular may reflect different methodologies (e.g. 
the sites tested and study populations), differences in mechanoreceptor densities 
between regions of the spine, baseline PPT, or the actual neurophysiologic responses 
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to SMT [126, 149]. However, no studies have directly compared hypoalgesia after 
cervical and lumbar SMT.
The duration of any effect is also an important consideration. Prior systematic 
reviews have noted that most studies measure QST for only a very short period post-
intervention [123, 124]. A secondary analysis of a systematic review concluded in favour 
of an increase in PPT that peaks in the first five minutes post-intervention but appears 
to decrease again by 30 minutes [127]. Only three of the included studies measured for 
10 minutes or longer, limiting the strength of the conclusions regarding the duration 
of any effect [127]. Some studies show that PPT is increased at 10 minutes [140, 144, 150, 
151, 155], 15 minutes [144], and 20 minutes [136, 150] post-intervention, while others fail 
to show changes at 15 minutes [147] and 30 minutes [147, 156]. One of these studies 
observed a gradual increase in PPT after lumbar SMT which became statistically 
significant 10-20 minutes post-intervention and persisted to at least 30 minutes [150]. 
Another lumbar SMT study observed a similar trend which did not become statistically 
significant [147]. Together these two studies suggest there could potentially be a ramp 
up in hypoalgesia, particularly after lumbar SMT, though this conflicts with the findings 
of the secondary analysis discussed previously. All of the studies investigating changes 
in TS have very short follow-up, precluding conclusions about the time course of 
changes in TS after SMT [128, 129, 131, 132]. There is clearly a substantial gap in our 
understanding of how long hypoalgesia lasts, which has important clinical implications. 
If hypoalgesia is very short-lived, it is less likely to be clinically relevant.
Overall, the literature reflects agreement that hypoalgesia does occur after SMT 
(and mobilisation) when measured with PPT in healthy and symptomatic populations, 
but there is disagreement over whether this occurs locally, regionally, or remotely, and 
the size of the effect appears to vary widely. A paucity of studies has prevented robust 
conclusions regarding changes in TS, but the studies to date have all observed 
decreased TS over time after SMT. Thermal pain thresholds do not appear to change, 
and other types of QST are measured in very few studies. It is also unclear whether any 
changes in QST are greater after SMT compared to sham, and how long any changes 
last for beyond around 10 minutes.
Since pain is well known to be influenced by placebo effects, sham-controlled 
studies are imperative in determining whether any changes in PPT and TS are caused 
by unique aspects of SMT, or by contextual and non-specific factors such as 
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expectations (e.g. expected benefit, sometimes related to the occurrence of an audible 
release), the physical touch, and the therapeutic relationship involved in delivering 
SMT. It is important that any sham interventions are appropriate and credible; when 
compared to SMT a sham should ideally account for participant’s expectations, the 
physical touch, positioning, and the sound associated with SMT [157]. 
A final problem with the literature on manipulation-induced hypoalgesia is the 
unknown clinical relevance of changes in QST after SMT. At present, changes in PPT 
and TS have not been clearly linked with important changes in clinical outcomes, and 
there are no defined minimum clinically important differences. Therefore, it is 
unknown whether changes in QST are a specific and unique effect of SMT, and whether 
they contribute to clinical improvement. 
Theories to explain the clinical effects of spinal manipulative therapy 
There are multiple proposed theories for how SMT might achieve clinical benefit, 
and any clinical effect is likely a complex combination of factors [122, 158, 159]. These 
theories include [122, 158-160]: 
• Alteration of spinal joint biomechanics  
• Altered muscle activity or tone  
• Altered autonomic and/or neuroendocrine system activity  
• Activation of the descending inhibitory pain control system  
• Altered spinal cord dorsal horn excitability  
• Activation of the pain gate mechanism  
• Contextual factors (including placebo)  
In particular, changes in QST relate to the theories of descending pain inhibition, 
altered dorsal horn excitability, activation of the pain gait mechanism, and the impact 
of contextual factors [122, 158, 159]. A robust understanding of QST changes after SMT, 
including understanding whether these changes are greater than after sham and 
exploring whether such changes are clinically relevant, will enable greater insight into 
the potential mechanisms at play in the clinical effect of SMT.  
 
16 
Summary of the Literature 
There has been substantial prior work investigating changes in QST after SMT, 
predominantly focusing on PPT and to a lesser extent TS. This research has broadly 
observed hypoalgesia in the short term after SMT. It has been claimed that this 
hypoalgesia contributes to the relief of musculoskeletal pain that many individuals 
report following SMT. However, there are numerous gaps in the literature. No prior 
systematic review on this topic has specifically investigated changes in QST after SMT 
in musculoskeletal pain populations. 
The main flaws in this area of research are that few studies compare SMT to sham 
interventions, and few measure QST for more than ten minutes post-intervention. For 
these reasons, it is unknown for how long any changes in QST last, or whether 
hypoalgesia is a unique effect of SMT (separate to non-specific effects such as those 
arising from participants’ expectations, physical touch, or positioning). It is unknown 
whether changes in QST relate to clinically meaningful outcomes.  
In addition, it appears that there may be differences in changes in QST after SMT 
in different regions of the spine, particularly the cervical compared to the lumbar spine. 
Since there are few studies directly comparing SMT in different regions of the spine, it 
is unknown whether these apparent differences are real or whether they reflect 
heterogeneity in study populations and design. 
At present, researchers have been unable to consistently identify baseline 
characteristics of individuals with LBP that predict a positive clinical outcome after 
receiving SMT. However, it does appear that individuals who report a rapid short-term 
improvement in LBP after SMT are more likely to experience better longer-term 
outcomes after care. These rapid responders have some specific biomechanical features 
that differ from non-rapid responders, but to date no one has investigated differences 
in QST outcomes in these two groups. 
Finally, we know that there are differences in baseline QST between individuals 
with and without chronic LBP. However, there is limited research investigating 
differences between different LBP trajectories, specifically episodic and persistent LBP. 
We also do not know if there are differences in pain processing that might lead to 




Based on the gaps identified in the literature, the aims of this thesis were as follows: 
Aim 1. Explore the current state of the literature investigating manipulation-induced 
hypoalgesia in musculoskeletal pain populations (Chapter Two). 
Aim 2. Investigate the feasibility of testing TS using a previously untested pinprick 
device and variations in protocol for use in a subsequent study (Chapter Three). 
Aim 3. Compare the magnitude and location of short-term changes in PPT after SMT 
to the cervical vs. lumbar spines in adults with spinal pain. As this study failed 
to reach recruitment targets, the original aim was abandoned and instead we 
aimed to qualitatively explore the reasons for recruitment failure and evaluate 
the recruitment strategy (Chapter Four). 
Aim 4. Investigate short-term changes in PPT and TS after lumbar SMT compared to 
sham manipulation in adults with LBP (Chapter Five). 
Aim 5. Investigate whether short-term changes in PPT and TS differ between those 
who experience a rapid subjective improvement in LBP and those who do not, 
following a lumbar SMT or sham intervention (Chapter Six). 
Aim 6. Investigate whether there are differences in baseline PPT and TS between those 
with self-reported episodic LBP, persistent LBP, and healthy controls, and 
explore whether there are differences in short-term changes in PPT and TS after 




Chapter Two – Manipulation-induced 
hypoalgesia in musculoskeletal pain 
populations: A systematic critical review and 
meta-analysis 
As a first step in understanding changes in QST after SMT and systematically 
identifying the weaknesses in the literature, we conducted a systematic critical review 
including meta-analyses where enough studies were available to combine. We 
conducted this systematic review on populations with musculoskeletal pain since we 
intended to conduct our clinical trials in spinal pain populations. Clinically, SMT is 
typically delivered to patients with musculoskeletal pain, hence this is also a clinically 
relevant population. 
This work has undergone peer-review and is published as Aspinall SL, Leboeuf-Yde 
C, Etherington SJ, Walker BF. Manipulation-induced hypoalgesia in musculoskeletal pain 
populations: A systematic critical review and meta-analysis. Chiropr Man Ther. 
2019;27(7). doi: 10.1186/s12998-018-0226-7. 

























In this systematic review, we identified some significant gaps in the literature 
surrounding manipulation-induced hypoalgesia. A core issue is the unknown clinical 
relevance of changes in QST after SMT. Apparent hypoalgesia after SMT must be shown 
to be clinically relevant, otherwise the research in this field to date is not ultimately 
helpful in understanding how SMT leads to positive clinical outcomes. Future studies 
should aim to be methodologically rigorous, to adequately control for contextual 
effects, and to ask specific questions about clinical relevance in order to demonstrate 
the utility of continuing to study manipulation-induced hypoalgesia. The major gaps 
that informed our subsequent studies are discussed in detail below. 
There are relatively few sham controlled studies in musculoskeletal pain 
populations, with only four out of fifteen studies included in the systematic review 
having a sham group. Since we are concerned with painful QST outcomes that are likely 
to be significantly influenced by contextual effects (i.e. placebo), the importance of 
using high quality shams that result in adequate blinding of participants cannot be 
understated. A similar problem was noted in a systematic review on asymptomatic 
populations [126]. The lack of sham groups in many studies perhaps reflects the paucity 
of validated sham protocols available for SMT [157]. 
In those studies that did include a sham intervention, there are concerns about the 
adequacy of the sham interventions used. As discussed in our systematic review, 
holding the participant in a pre-manipulative position without joint tension or a thrust 
is a questionable sham intervention that fails to account for various important aspects 
relating to the delivery of SMT. Additionally, two studies did not report whether they 
attempted to blind participants to intervention group [138, 161]. One reported 
attempting to blind participants but failed to actually assess blinding success [154], and 
the fourth study was able to confirm successful blinding [153]. Hence, it is clear that 
even among the few sham-controlled studies, there are some significant 
methodological concerns. 
This systematic review highlights the relative paucity of studies investigating 
manipulation-induced hypoalgesia after lumbosacral SMT. There might be regional 
differences in the responses to SMT, since cervical SMT seems to consistently result in 
hypoalgesia but lumbar SMT may not. This potential disparity has also been noted in 
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asymptomatic studies [126]. Regional differences may relate to neurophysiological 
differences between spinal regions. It is known that the cervical spine in particular has 
a very high density of proprioceptors [162], likely due to the important role the cervical 
spine plays in positioning the head and eyes [163]. Because of significant heterogeneity 
between studies, this question is best answered by studies that directly compare 
changes in QST after SMT in different spinal regions. Two studies included in our 
systematic review directly compare cervical and thoracic SMT. One observed 
hypoalgesia after both interventions but no between-group differences [140], while the 
other observed no hypoalgesia within- or between-group [164]. Another study 
compared thoracic and lumbar SMT, and observed hypoalgesia in the thoracic SMT 
group but no between-group differences [146]. No studies directly compare cervical and 
lumbar SMT.
There is also a significant paucity of studies that investigate changes in QST over 
time periods of more than five to ten minutes, and that take repeated measures to 
investigate the time course of any changes. It is currently not known whether 
hypoalgesia develops gradually over time or peaks rapidly before plateauing or 
diminishing. If hypoalgesia develops gradually, as suggested in an asymptomatic study 
after lumbar SMT [150], studies that only measure immediately after interventions may 
in fact miss significant changes that occur after follow-up has ceased. A recent 
secondary analysis of a systematic review in asymptomatic populations concluded that 
hypoalgesia in PPT appears to peak within the first five minutes after SMT, but data 
beyond ten minutes was scarce [127]. The time course of any change has important 
implications, since changes that last for the medium- to long-term (particularly more 
than a few hours) are more likely to be clinically relevant. 
We identified that TS was understudied in musculoskeletal pain populations, with 
only two studies, one of which did not report post-intervention data because there were 
no baseline differences between the clinical and asymptomatic populations in that 
study [165]. Since several asymptomatic studies demonstrate changes in TS after SMT 
[129, 131, 132], TS is likely worthy of further study to explore the same kinds of issues 
that plague PPT, including a lack of high-quality sham-controlled studies and unknown 
clinical relevance.
The findings of this systematic review confirmed the gaps we had identified after 
the initial literature review to plan this PhD. The two clinical trials we had initially 
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planned aligned well with these findings and were enhanced by the methodological 
recommendations arising from it.
The next step was to determine whether it was feasible for us to measure TS, which 
is the purpose of the study contained within Chapter Three. See the Addendum for 




Chapter Three – Feasibility of using the 
Neuropen for temporal summation testing 
There were several reasons for conducting this feasibility study. The German 
Research Network on Neuropathic Pain (DFNS) published a protocol for TS testing that 
involves trains of ten repeated pinprick stimuli [50]. According to the DFNS protocol, 
TS should be measured five times with an average of those five tests used during data 
analysis [50]. This equates to delivering over 50 pinpricks in order to test TS at one site 
at one time point. Other studies measuring TS use trains of five noxious stimuli [48] 
and it has been noted that TS typically peaks within four stimuli in humans [47], and 
thus a train of ten stimuli may be unnecessary. 
Since our planned primary trial was to involve four repeated measures using PPT 
and TS at a total of five testing sites, we were concerned with the high burden placed 
on participants since both PPT and TS involve painful and unpleasant procedures. 
Additionally, we did not have access to equipment normally used for TS testing, namely 
a specialised pinprick device recommended by the DFNS or an electronic thermal 
stimulation system. 
For these reasons, we conducted a feasibility study using a modified version of the 
DFNS protocol for TS with trains of five pinpricks to investigate whether a low-cost 
pinprick device known as the Neuropen with Neurotips (Owen Mumford Ltd, UK) 
would be suitable for eliciting TS, and to investigate whether an average of three 
measures is comparable to five.  
This work has undergone peer-review and is published as Aspinall SL, Leboeuf-Yde 
C, Etherington SJ, Walker BF. Feasibility of Using the Neuropen for Temporal Summation 
Testing. Pain Manag. 2019;9(4):361-8. doi: 10.2217/pmt-2018-0063. 













Based on the results of this feasibility study, we chose to proceed with testing TS 
using the Neuropen in the main trial of this thesis. Since using a mean of three measures 
of TS was comparable to a mean of five, and this reduces participant burden, we decided 
on a TS protocol using an average of three measures at each test site at each time point. 
We also chose to use the TSRRmaxRR formula for calculating TS as it is possible to use this 
formula in the event that a participant’s mean first pinprick score is zero. 
While this study was being conducted, we began recruitment for the second trial 
in this PhD, a comparison of changes in PPT after cervical vs. lumbar SMT, which is 
detailed in Chapter Four. See the Addendum for additional comments relating to this 




Chapter Four – Recruitment misery: Lessons 
learned from a failed randomised controlled 
trial in spinal manipulation 
The study discussed in this chapter was an assessor-blind two-arm randomised 
controlled trial, with a planned sample size of 80. Disappointingly, this trial failed to 
recruit sufficient participants within a reasonable time frame. Recruitment commenced 
in February 2017 and was terminated in July 2017 after only 20 people had participated. 
This decision was made by the authors based on slow recruitment and timeline 
constraints. However, in order to make use of the recruitment data and experience 
gained, we chose to take advantage of the learning opportunity this recruitment failure 
provided. The following is a qualitative discussion of this recruitment failure. 
Background 
Closure of clinical trials due to failure to recruit sufficient numbers appears to be 
a common problem [166, 167], and the majority of reasons for recruitment failure are 
thought to be preventable [168]. A systematic review suggests the most common 
reasons relate to overly narrow eligibility criteria, or bias against interventions by 
recruiters or participants [168]. Recruitment failure in trials raises issues around 
diminished balance between risk and return, particularly since these trials may be 
unable to answer the original research questions [166]. Moreover, such trials potentially 
waste resources and effort from participants, funders, and researchers. Much of the 
research around recruitment failure, however, focuses on recruitment from primary or 
secondary care populations or for online surveys. Recruitment from the general 
population for manual therapy interventions likely presents unique challenges that do 
not seem to be well explored in current literature. 
Objectives 
This study was originally intended to investigate whether there were differences in 
the change in PPT after cervical SMT compared to lumbar SMT. Since only 20 
participants were recruited, with highly asymmetrical intervention group sizes, we 
could not use the primary data and the original research questions were abandoned. 
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Nevertheless, the lessons learned during this study were used to inform the design 
of a subsequent high-quality sham-controlled study with a similar methodology. Here, 
we shall discuss our recruitment outcomes, methods, and recruitment procedures to 
attempt to provide explanations for the poor response rate and to make practical 
suggestions to aid recruitment in future similar studies. 
Methods 
Participants aged 18-60 years with a history of neck pain and LBP were recruited 
from the general public and the Murdoch University campus in Perth, Western 
Australia. We chose to recruit people with both neck pain and LBP since participants 
would be randomised to receive SMT in one location or the other and we wished to 
recruit a clinically relevant population. Pain in multiple regions of the spine is common 
[169], hence we presumed there would be a large pool of potential volunteers. Major 
exclusion criteria were a) any contraindication to SMT (e.g. spinal surgery or 
osteoporosis), b) any neurological symptoms (e.g. numbness in arms or legs), c) chronic 
widespread pain, and d) uncontrolled high blood pressure (over 140/90 mmHg at the 
initial visit).  
Recruitment methods, their cost, and comments on our experience with each 
method are detailed in Table 1. After an individual made contact about the study via 
email or phone, a basic description of the study procedure was provided and a checklist 
of the inclusion criteria, followed by detailed information about the procedure, visit 
length (two hours), and risks, via email or phone. Common risks included post-
treatment soreness and headache, and rare risks included intervertebral disc or nerve 
injury, vertebral fracture, and cervical artery dissection/stroke. If the individual was still 
interested, a checklist was used to assess for exclusion criteria. If eligible, we arranged 
a time to participate. Several further exclusion criteria were assessed via physical 
examination at the beginning of the visit.  
After confirming eligibility, participants completed questionnaires assessing 
psychological factors. Participants were randomly allocated to receive either a single 
cervical or lumbar SMT by a qualified chiropractor. PPTs were tested over musculature 
at the calf, lumbar spine, shoulder, and cervical spine bilaterally, before intervention 
and five times after intervention at 15-minute intervals. PPTs were measured using a 
standardised protocol [170] which involved gradually increasing pressure with an 
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algometer at the testing site until the participant first felt pain, repeated three times at 
each test site at each follow-up time point. Sample size calculations [42, 171] indicated 
that 80 participants would be required for 80% power to detect a 15% change in PPT 
at the lumbar spine. The study was approved by the Murdoch University Human 
Research Ethics Committee (approval 2016/176) and prospectively registered with 
Australia New Zealand Clinical Trials Registry (ACTRN12616001102460). 
Here we quantitatively summarise and discuss the data relating to expressions of 
interest in the study, inclusions and exclusions, as well as our recruitment methods and 
participants’ recruitment source.  
Results 
During the recruitment period, 121 individuals made initial contact with the 
researcher in charge of recruitment (SA), predominantly via email. Of these, 64 people 
did not return communication to pursue participation (52.9%), 20 were included and 
participated (16.5%), 21 were excluded prior to booking a visit (17.4%), two attended a 
visit but were excluded on the day (1.7%), five withdrew prior to participating (4.1%), 
and nine made contact after recruitment was closed (7.4%). See Table 2 for a 
breakdown of the outcomes of these individuals. 
Table 2. Outcome of individuals who made contact regarding the study.  
Outcome Number (%) 
Did not return communication 64 (52.9%) 
Excluded 
Did not have pain in neck and low back 5 (4.1%) 
Not aged 18-60 years 1 (0.8%) 
Based on medical history (e.g. fibromyalgia) 15 (12.4%) 
High blood pressure recorded at visit 2 (1.7%) 
Withdrew before participating 
No explanation offered 2 (1.7%) 
No guarantee of treatment in preferred region 2 (1.7%) 
No ongoing treatment 1 (0.8%) 
Made contact after recruitment closed 9 (7.4%) 
Included and participated 20 (16.5%) 
Of the 20 participants, six reported hearing about the study via Facebook 
advertising, four via word of mouth, three unknown, two via in-class announcements, 
two via campus flyers, two via a clinical trials registry, and one via a chiropractic student 
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forum announcement. See Table 3 for details on when each recruitment method was 
active and how many participants were recruited via each method. 
Among the participants, there were fourteen females and six males. The mean age 
was 35 years (SD 11, range 21-56), with generally low pain catastrophising, depression, 
and anxiety scores.
Discussion 
We believe that slow recruitment was predominantly due to minimal perceived 
benefit for potential volunteers, for two reasons. First, the participants had both neck 
pain and LBP, but several potential and actual participants expressed disappointment 
that there was no guarantee of treatment in their preferred region. Thus, some people 
clearly had a preference. Secondly, the intervention was a single manipulation on a 
single occasion. While no individuals reported this as a reason, we speculate that 
potential volunteers perceived that minimal symptomatic benefit was likely with this 
minimal amount of treatment. Preconceptions about the effectiveness of an 
intervention by participants (including concerns regarding randomisation to a non-
preferred intervention) is a common reason for recruitment failure [168]. This could 
have been remedied by offering free follow-up pragmatic treatments to incentivise 
participation. Since we do not have information on why the majority of people who 
initially made contact about the study did not pursue participation, we cannot be 
certain these are the primary reasons.
Another consideration is that the risks of participating may have discouraged some 
individuals. However, there were no instances of an individual reporting this as a reason 
for not participating, and a systematic review found it was an uncommon reason given 
for recruitment failure [168], thus we believe this is unlikely.
We also noted that more individuals were excluded from the study (n=23) than 
participated (n=20). Over-estimation of the prevalence of eligible participants is 
reported to be the most common reason for recruitment failure, largely attributed to 
overly restrictive eligibility criteria [168]. Our inclusion criteria were already broad. 
Removing exclusion criteria was not appropriate since they were intended to reduce 
the risk of adverse events and to exclude individuals with conditions known to alter 
sensation and pain sensitivity. However, some exclusion criteria could have been made 
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more specific. For example, instead of excluding anyone with a history of a cervical or 
lumbar spine fracture, the criteria could instead exclude those with a fracture in the 
last 6 months or that has compromised neurological function or spinal stability.
Our study had numerous risk factors that have been associated with 
discontinuation due to poor recruitment, including non-industry funding [166, 167], 
fewer number of research sites [166], having an activate comparator [166], and a smaller 
planned sample size [167]. It may be that large studies with industry funding are better 
planned, organised, and funded, and thus better able to respond to challenges during 
recruitment [167]. Our study was at a further disadvantage since the procedures 
involved painful stimuli, which has been shown to reduce potential volunteers’ 
willingness to participate in a study [172, 173]. 
The low overall recruitment number also suggests that the recruitment strategy 
may not have been especially effective, in addition to the issues already raised. The 
recruitment strategy had to be low-budget due to funding constraints. We felt that our 
diverse strategy would be able to reach a wide range of people from the general 
population in different age groups, while also targeting people who were geographically 
close to the university. We were, however, able to gather information about the cost, 
required effort, and participant yield of specific recruitment methods. Table 1 includes 
comments on our experience with each recruitment method. 
Research on the effectiveness of recruitment methods from the general population 
for trials of interventions appears to be scarce. Much previous research has focused on 
primary or secondary care medical settings where recruiters or clinicians make direct 
contact with potential participants [174-177]. It is possible that recruiting from clinical 
populations (e.g. through chiropractic or other health care practices) may have been a 
valuable additional recruitment avenue.
Lessons Learned
Considering all these factors, we believe our recruitment failure was largely 
preventable. While acknowledging that the nature of our study (design, size, funding 
status) placed us at a disadvantage for successful recruitment, we believe that changes 
to the methods and recruitment strategy could have been made to increase the chances 
of success. The most obvious of these would be to ensure that individuals perceive the 
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potential benefits of participating outweigh the risks (e.g. adverse events), cost (e.g. of 
travel), and effort. In manual therapy research, this could be achieved by increasing the 
likelihood for meaningful symptomatic benefit with either adjunct or additional 
treatments, or by providing compensation. Financial incentives have been shown to 
improve recruitment [178], but in our case funding did not allow for this. Ensuring the 
eligibility criteria are only as restrictive as absolutely necessary is also an important 
consideration, to increase the prevalence of potentially eligible individuals. 
In our case, Facebook advertising had the best participant yield, though none of 
our methods were especially effective. Facebook advertising allowed for wide reach in 
the general population with geographic targeting to a suitable area. Retrospectively, we 
felt that the cost and effort involved in running radio ads, newspaper ads, and flyer 
letterbox drops was not worthwhile. The other recruitment methods were inexpensive 
and reasonably low-effort, and thus were worthwhile even though their participant 
yield was low. 
A subsequent similar study, a sham-controlled randomised trial in LBP patients, 
successfully recruited the target sample size of 80 over a ten-month recruitment period. 
The major methodological change made in light of the lessons learned from the present 
study was the addition of three follow-up visits involving pragmatic chiropractic 
treatment to incentivise participation. The eligibility criteria were also less restrictive, 
with broader inclusion criteria and more specific exclusion criteria. 
Limitations 
Our observations and conclusions are based on a small number of participants; 
hence this manuscript should be considered as a narrative on our experience of some 
challenges in recruitment for a randomised controlled trial of manual therapy in a 
musculoskeletal pain population. Our recruitment methods were specific to recruiting 
from the general population with common musculoskeletal complaints and may not be 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The reasons for recruitment failure in this study were likely preventable. We 
highlight the need for a suitable incentive for participants. In manual therapy this could 
take the form of additional treatments or a financial incentive. Emphasis should be 
placed on the recruitment methods that are more likely to be high-yield and/or low-
effort, which in our case included Facebook advertising, university campus flyers, and 
student announcements. While early termination of this study was a disappointing 
outcome, we gleaned valuable information that led directly to methodological changes 
in a subsequent study, which was able to meet recruitment targets in an appropriate 
time frame. 
Closing Remarks 
Based on the outcome of this trial, we re-evaluated the incentives and recruitment 
strategy for the subsequent trial we had planned in order to improve the chances of 
successfully reaching our recruitment targets. 
We chose to increase the incentive to volunteer by offering people up to three visits 
after participation, which involved pragmatic evidence-based chiropractic care for the 
purpose of treating their LBP. This care was multi-modal and involved some 
combination of SMT, mobilisation, soft tissue therapy, education, advice and home 
exercise. We were also able to improve our recruitment strategy by focusing on 
recruitment methods that were more likely to yield participants and/or those that 
involved minimal cost and effort to implement. This specifically meant a focus on paid 
Facebook advertising as well as free university advertising in the form of campus flyers 
and e-newsletter announcements to staff and students. 
These changes contributed to successfully meeting recruitment targets in a 
reasonable time frame in the main trial of this thesis, detailed in Chapters Five through 




Chapter Five – Manipulation-induced 
hypoalgesia after lumbar manipulation versus 
sham: A randomised controlled trial 
Chapters Five through Seven are based on the main trial conducted in this thesis. 
A synthesis of the work contained within these three chapters is reserved until Chapter 
Eight, where we discuss the implications of the work in this thesis as a whole. The main 
trial was designed primarily as a randomised controlled trial to compare changes in 
PPT and TS after lumbar SMT compared to a high-quality sham manipulation in adults 
with LBP. The primary analysis is detailed in this chapter. 
To explore the clinical relevance of any changes in PPT and TS we also collected 
data on the participants’ symptomatic response to the intervention 24 hours after 
participating. We compared changes in PPT and TS based on those who did and did 
not report clinically significant improvement in LBP. This secondary analysis is detailed 
in Chapter Six. 
Finally, we also planned to investigate whether there were differences in PPT and 
TS based on LBP trajectories at baseline and in post-intervention changes. For this 
secondary analysis, discussed in Chapter Seven, we recruited healthy participants who 
underwent baseline testing to provide a baseline comparison for the LBP participants. 
Based on our prior feasibility study, we had a pre-tested TS device and protocol for 
measuring TS in this study. We also made modifications to the trial to increase the 
likelihood for successfully reaching recruitment targets, based on our prior failed trial. 
Because of the multiple planned analysis, we note that there is substantial duplication 
of the methods in the manuscripts contained within the Chapters Five through Seven. 
The work described in this chapter has undergone peer-review and is published as 
Aspinall SL, Jacques A, Leboeuf-Yde C, Etherington SJ, Walker BF. No difference in 
pressure pain threshold and temporal summation after lumbar spinal manipulation 
compared to sham: A randomised controlled trial in adults with low back pain. 
Musculoskelet Sci Prac. 2019;43:18-25. doi: 10.1016/j.msksp.2019.05.011. 







Expressions of interest 
(n=298) 




24hr call (n=80) 
175 participants did not respond to pursue participation 
Excluded (n=38): 
Lower limb neurological symptoms/radiculopathy (n=11) 
Unable to attend for initial visit (n=4) 
Epilepsy (n=4) 
Fibromyalgia/chronic widespread pain (n=3) 
Not aged 18-60 (n=2) 
Brain/spinal tumour (n=2) 
Inflammatory arthropathy (n=2) 
Withdrew for personal/family reason (n=2) 
Haemophilia or anti-coagulant medication (n=2) 
Suspected acute disc injury (n=1) 
Spondylolisthesis (n=1) 
Lumbar spine surgery (n=1) 
Skin condition in testing area (n=1) 
Chiropractic student (n=1) 
Excluded (n=4): 
Suspected lower limb radiculopathy (n=2) 
Suspected inflammatory arthropathy (n=1) 
Very high first pinprick scores (n=1) 
Excluded (n=1): 
Unable to contact (n=1) 






There are no closing remarks for this chapter. Further discussion of the results and 
links with other chapters are contained in Chapter Eight. See the Addendum for 
additional comments relating to this chapter that arose during examination.
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Chapter Six – Changes in quantitative sensory 
testing based on responder status after 
intervention: A secondary analysis 
The manuscript in this chapter contains the between-group results comparing 
changes over time in PPT and TS after lumbar SMT and sham, based on whether 
participants experienced short-term symptomatic improvement in their LBP. Through 
the peer-review process, within-group results were removed from the manuscript. For 
completeness, the within-group results are described in the Additional Results of 
Within-Group Analyses section after the manuscript, and we discuss the implications 
of both the within- and between-group results briefly in the Closing Remarks section 
of this chapter. 
The work described in this chapter has undergone peer-review and is published as 
Aspinall SL, Leboeuf-Yde C, Etherington SJ, Walker BF. Changes in pressure pain 
threshold and temporal summation in rapid responders and non-rapid responders after 
lumbar spinal manipulation and sham: A secondary analysis in adults with low back pain. 
Musculoskelet Sci Prac. 2020;47:102137. doi: 10.1016/j.msksp.2020.102137. 











Additional Results of Within-Group Analyses 
This section deals with the results of within-group analyses performed (but mostly 
not reported) in the above manuscript. These analyses were planned a priori, and the 
results were derived from pairwise comparisons of the generalised linear mixed models 
and linear mixed models described in the manuscript. See Table 6.1 for within-group 
results. 
As reported in the above manuscript, shoulder PPT increased in both groups from 
baseline to immediately post-intervention, and when coupled with the significant 
between-group difference (time by responder group interaction) this shows that the 
rapid responders group increased more than the non-rapid responders over this time 
frame. There was also a statistically significant increase in lumbar PPT from baseline to 
immediately and 15 minutes post-intervention in the rapid responders group only, but 
no significant between-group difference. There were no significant within-group 
changes in calf PPT. 
For hand TS, there was a statistically significant decrease from baseline to 30 
minutes post-intervention in both responder groups. For feet TS, there was a 
statistically significant decrease from baseline to all follow-up time points in the non-
rapid responders group, and from baseline to 15 and 30 minutes in the rapid responders 
group. As reported in the manuscript, there were no significant between-group results 
for TS.  
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Table 6.1. Within-group changes in pressure pain threshold and temporal 
summation after intervention based on responder status.  
Testing site and time 







Calf PPT (kg/cm PP2PP) 
Baseline to immediate 0.07 (-0.19 – 0.33) .61 0.04 (-0.17 – 0.25) .72 
Baseline to 15min -0.05 (-0.36 – 0.27) .78 0.11 (-0.16 – 0.37) .43 
Baseline to 30min 0.21 (-0.18 – 0.60) .28 0.14 (-0.20 – 0.47) .42 
Lumbar PPT (kg/cm PP2PP) 
Baseline to immediate 0.43 (0.10 – 0.77) .01* 0.05 (-0.22 – 0.31) .73 
Baseline to 15min 0.53 (0.10 – 0.96) .02* 0.02 (-0.32 – 0.36) .91 
Baseline to 30min 0.24 (-0.31 – 0.78) .39 0.04 (-0.40 – 0.48) .87 
Shoulder PPT (kg/cm PP2PP) 
Baseline to immediate 0.45 (0.23 – 0.68) <.01* 0.17 (0.01 – 0.32) .04* 
Baseline to 15min 0.24 (-0.03 – 0.50) .08 0.15 (-0.06 – 0.35) .17 
Baseline to 30min 0.19 (-0.14 – 0.52) .27 0.20 (-0.08 – 0.47) .16 
Hand TS (0-100 NRS) 
Baseline to immediate -0.20 (-2.03 – 1.63) .83 -1.40 (-3.01 – 0.21) .09 
Baseline to 15min -0.10 (-2.03 – 1.83) .92 -1.38 (-3.08 – 0.32) .11 
Baseline to 30min -3.20 (-5.28 – -1.11) <.01* -2.04 (-3.88 – -0.20) .03* 
Feet TS (0-100 NRS) 
Baseline to immediate -1.92 (-4.15 – 0.31) .09 -2.27 (-4.24 – -0.31) .02* 
Baseline to 15min -4.59 (-7.22 – -1.96) <.01* -3.60 (-5.92 – -1.28) <.01* 
Baseline to 30min -5.72 (-8.90 – -2.54) <.01* -4.44 (-7.24 – -1.63) <.01* 
* p < .05. Abbreviations: CI = 95% confidence interval, NRS = numerical rating scale,
SMT = spinal manipulative therapy, TS = temporal summation.
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Closing Remarks 
The lumbar PPT results demonstrate hypoalgesia for at least 15 minutes in rapid 
responders, but the hypoalgesia is not significantly different from the non-rapid 
responders. Shoulder PPT results show a greater increase in rapid responders than non-
rapid responders. The lack of within-group changes in calf PPT reflect the lack of 
between-group differences, suggesting that calf PPT was not affected by the 
interventions in either group.
The within-group results for TS reflect the lack of between-group differences, 
showing that both groups experience a similar decrease in TS which persists for at least 
30 minutes post-intervention.
Collectively, the addition of the within-group results does not substantially change 
the conclusions discussed in the above manuscript. This supports the conclusion that 
there may be selective hypoalgesia in PPT, particularly at the shoulder, in people with 
LBP who respond rapidly to a lumbar SMT or sham when compared to those who do 
not respond rapidly.
Further discussion of the results and links with other chapters are contained in 





Chapter Seven – Low back pain trajectories and 
quantitative sensory testing: A secondary 
analysis at baseline and after intervention 
The manuscript in this chapter has undergone peer-review and is published as 
Aspinall SL, Jacques A, Leboeuf-Yde C, Etherington SJ, Walker BF. Pressure pain 
threshold and temporal summation in adults with episodic and persistent low back pain 
trajectories: A secondary analysis at baseline and after lumbar manipulation or sham. 
Chiropr Man Ther. 2020;28(36). doi: 10.1186/s12998-020-00326-5. 


















There are no closing remarks for this chapter. Further discussion of the results and 
links with other chapters are contained in Chapter Eight. See the Addendum for 





Chapter Eight – Discussion 
In this chapter, we first summarise the results of the studies conducted in this 
thesis. We then discuss the meaning and implications of our results and consider these 
in light of previous literature, focusing on four main themes. Following this, we discuss 
some strengths and weaknesses relevant to our research. Lastly, we discuss future 
perspectives including future research directions and clinical implications before 
concluding this thesis. 
Summary of Results 
 The results of the studies contained in this thesis are summarised below, under 
each of the thesis aims that were outlined in Chapter One. 
Aim 1. Explore the current state of the literature investigating manipulation-induced 
hypoalgesia in musculoskeletal pain populations (Chapter Two). 
The systematic critical review identified 15 studies that met the inclusion 
criteria. The meta-analyses found that there is a systemic increase in PPT of 
0.32 kg/cm PP2PP (around 11%) after SMT in people with musculoskeletal pain, with 
low quality evidence that this is not greater than after sham manipulation. We 
could not make robust conclusions regarding other types of QST due to a 
paucity of studies, though a single study using TS observed a short-term 
decrease in TS after SMT. Overall, studies on the topic of manipulation-induced 
hypoalgesia in musculoskeletal pain were of low quality with some common 
methodological flaws and poor reporting. This included a lack of appropriate 
sample size calculations and inadequate reporting on missing data and 
imputation methods. We also noted concerns regarding the adequacy of the 
sham interventions used.  
Aim 2. Investigate the feasibility of testing TS using a previously untested pinprick device 
and variations in protocol for use in a subsequent study (Chapter Three). 
The feasibility study successfully concluded that the Neuropen with Neurotips 
and the protocol we used appeared suitable for eliciting TS and had good 
tolerability for participants. Using an average of three TS measurements was 
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equivalent to five, allowing for a reduction in participant and researcher burden 
when testing TS. 
Aim 3. Compare the magnitude and location of short-term changes in PPT after SMT to 
the cervical vs. lumbar spines in adults with spinal pain. As this study failed to 
reach recruitment targets, the original aim was abandoned and instead we aimed 
to qualitatively explore the reasons for recruitment failure and evaluate the 
recruitment strategy (Chapter Four). 
This randomised controlled trial was terminated after six months when 20 
participants were recruited of the target sample size of 80, due to timeline 
constraints. When exploring the reasons for recruitment failure, we concluded 
that the failure was likely preventable and probably related to insufficient 
incentives for people to volunteer. We were also able to identify the recruitment 
methods that appeared most useful. These lessons allowed us to modify the 
subsequent trial, which enabled it to successfully reach recruitment targets. 
Aim 4. Investigate short-term changes in PPT and TS after lumbar SMT compared to 
sham manipulation in adults with LBP (Chapter Five). 
The primary analysis of the main randomised controlled trial in adults with LBP 
found that lumbar SMT did not lead to greater hypoalgesia in PPT or TS than 
sham manipulation. In fact, calf PPT increased after the sham intervention and 
decreased after SMT immediately after intervention. Both groups had a 
decrease in TS of up to 5.9 on a 101-point NRS for at least 30 minutes, but no 
consistent changes in PPT. 
Aim 5. Investigate whether short-term changes in PPT and TS differ between those who 
experience a rapid subjective improvement in LBP and those who do not, following 
a lumbar SMT or sham intervention (Chapter Six). 
A secondary analysis of the main trial concluded that there appears to be some 
limited increase in PPT in people who experience a short-term improvement in 
LBP (within 24 hours) after a lumbar SMT or sham manipulation compared to 
those who do not. This particularly occurred at the shoulder, where PPT 
increased after intervention more in the rapid responders than the non-rapid 
responders group. A within-group increase in lumbar PPT was observed up to 
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15 minutes in the rapid responders only, with no between-group differences. 
There were also no differences in TS between the responder groups. 
Aim 6. Investigate whether there are differences in baseline PPT and TS between those 
with self-reported episodic LBP, persistent LBP, and healthy controls, and explore 
whether there are differences in short-term changes in PPT and TS after a lumbar 
SMT or sham intervention between the LBP groups (Chapter Seven). 
An additional secondary analysis of the main trial investigating differences 
between LBP trajectories identified two main findings. There were no 
significant differences in baseline PPT and TS between adults without LBP, 
those with episodic LBP, and those with persistent LBP. We did note a non-
significant pattern where those with persistent LBP had the lowest PPT, those 
without LBP had the highest PPT, and those with episodic LBP had PPT that 
fell between the two. We also found that there were no differences between 
people with episodic and persistent LBP in how PPT and TS changed after a 
lumbar SMT or sham manipulation. 
Changes in pressure pain threshold after spinal manipulative 
therapy 
We did not observe any consistent increases in PPT after lumbar SMT nor after 
sham, and accordingly we did not observe any meaningful differences between these 
groups. The between-group difference in calf PPT is likely explained by regression to 
the mean, since the mean calf PPT in both groups developed more similar values after 
intervention. It appears that LBP trajectory does not impact on change in PPT after 
SMT or sham intervention. There was some selective hypoalgesia in rapid responders, 
which we discuss in a subsequent section of this chapter.  
These results partly differ from the findings of our systematic review (Chapter 
Two), wherein a meta-analysis found that PPT increased after SMT by an estimated 
0.32 kg/cm PP2PP (95% CI 0.22-0.42), though there was no significant difference when 
compared to sham. It should be noted that the sham comparison meta-analysis was at 
risk of being underpowered and may therefore have produced a false negative result. 
Additional sham-controlled studies may alter these findings. Additionally, five studies 
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were excluded from this review as they were not available in English. These may have 
potentially changed our conclusions. 
As discussed in Chapter One, there is no well-defined minimum clinically 
important difference in PPT against which to compare our results. The minimum 
detectable change in PPT has been estimated to be 0.5-3.4 kg/cm PP2PP, or 20-50% [40, 41, 
45, 46]. This is greater than the estimate of change over time from our systematic 
review (0.32 kg/cm PP2PP or 11%), hence measurement error or chance could potentially 
explain the results. 
The majority of other literature [123-126] agrees that at least short-term 
hypoalgesia (increased PPT) occurs after SMT in symptomatic and asymptomatic 
populations. The hypoalgesia that has been observed in studies is unlikely to be related 
to learning or habituation effects, since PPT is reliable within- and between-day [40, 
41]. However, we noted in Chapter Two an inconsistency between the results from 
studies using lumbar SMT compared to those using cervical SMT. Six previous studies 
on lumbar SMT have observed no significant changes in PPT in various populations 
[133, 145-149], while one has demonstrated hypoalgesia to at least 30 minutes in an 
asymptomatic population [150]. Why this single study demonstrated hypoalgesia is 
unclear, and since there was no control or sham condition it is difficult to speculate 
[150]. In comparison, hypoalgesia after cervical SMT appears to occur quite 
consistently. Thus, the results of our randomised controlled trial (Chapter Five) are 
consistent with the majority of studies investigating lumbar SMT, and with the 
possibility that there are differences in changes in PPT depending on the location of 
SMT. 
Speculatively, there are several potential reasons for the apparent difference in 
hypoalgesia after SMT in different regions. Since no study to date has directly compared 
cervical against lumbar SMT, we cannot rule out methodological or population 
differences between studies as an explanation for this observation. From a mechanical 
perspective there are also differences between cervical and lumbar SMT procedures in 
terms of positioning, physical contact by the practitioner, and the amount of force 
delivered to the spine [179] which would likely result in different proprioceptive inputs. 
Additionally, there are known differences in the proprioceptive capacity of the cervical 
and lumbar spines; the cervical spine has a much higher density of proprioceptors [162]. 
This is thought to be tied to the important function the cervical spine plays in 
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maintaining and controlling head position [163]. Thus, the significant differences in 
neurophysiology between the cervical and lumbar spines, as well as the differences in 
SMT procedures, offer potential explanations for the apparent regional differences in 
hypoalgesic responses to SMT.
Our failed study (Chapter Four) would potentially have shed light on this apparent 
discrepancy between SMT regions through a direct comparison of the effect of cervical 
and lumbar SMT on PPT. Unfortunately, we could not answer the original research 
question and hence this particular conundrum remains. 
Changes in temporal summation after spinal manipulative therapy 
As the only known research investigating changes in TS after SMT in comparison 
to a sham manipulation, and considering symptomatic response, this is the first work 
to find that while TS does appear to be reduced (decreased sensitivity) after lumbar 
SMT, this may not be clinically relevant. While we did observe reductions in TS in the 
hands and feet for at least 30 minutes post-SMT, this also occurred after a sham 
manipulation. The reduction in TS also occurs equally in people who do and do not 
experience subjective improvement in LBP after lumbar SMT, and equally in those with 
episodic and persistent LBP.
Comparisons with previous studies are difficult as some report effect sizes or 
calculate TS differently, and use different types of stimuli to elicit TS. There are also no 
other sham-controlled studies to compare against. Two previous studies found that TS 
was decreased short-term at the hand and foot, one after lumbar SMT in a LBP 
population [128] and the other after thoracic SMT in an asymptomatic population [131]. 
Two other studies in asymptomatic populations observed a decrease in foot TS but not 
hand TS after lumbar SMT [129, 130]. Another study in asymptomatic participants 
concluded that TS at T4 was reduced after thoracic SMT [132]. In the three studies with 
a no treatment control, the effect on TS was greater after SMT than control [130-132].
When considering comparable effect sizes for the change over time in TS, our study 
demonstrated a decrease of up to 5.9 on a 101-point NRS, which was generally less than 
other studies. One study observed a decrease in foot TS of 8.5 and hand TS of 6.1 on a 




Some studies have suggested that SMT relieves pain by decreasing dorsal horn 
neuron excitability [132, 180] since TS is a measure of dorsal horn neuron excitability. 
Our results support the argument that changes in TS are not a specific effect of lumbar 
SMT and may be more related to contextual and non-specific factors involved in the 
delivery of SMT and the clinical encounter, such as the physical positioning, the hands-
on contact, or expectations from the participant. Our findings also suggest that changes 
in TS are unlikely to contribute to symptomatic improvement in LBP patients. 
Unfortunately, there were not enough studies measuring TS included in our systematic 
review (Chapter Two) to shed additional light on this topic. 
Possible selective hypoalgesia in rapid responders 
In the absence of differences in hypoalgesia after lumbar SMT compared to a 
credible sham manipulation, an investigation of whether hypoalgesia is different based 
on responder status allowed us to explore whether hypoalgesia is potentially related to 
symptom change, regardless of the intervention. Our findings suggest that selective 
increases in PPT after lumbar SMT or sham could be related to symptomatic 
improvement in LBP, though the changes we observed were limited in location and 
duration, and effect sizes were small. A between-group difference in change in PPT was 
only observed at the shoulder. There were no differences in the change in TS based on 
symptomatic response, suggesting that changes in TS do not help explain symptomatic 
improvement.  
Since the differences occurred regardless of intervention (intervention group was 
not a statistically significant fixed effect in the statistical analyses), any hypoalgesia 
related to symptom change appears not to be a specific effect of SMT. Contributors to 
this effect may include participant expectations, physical positioning, and touch. 
However, this study did not specifically analyse the three-way interaction between 
intervention group, responder group, and change over time in QST as it was not 
powered to do so. Therefore, another study that investigates this three-way interaction 
could offer further insight into whether the selective hypoalgesia in rapid responders 
differs based on the intervention they receive. 
Collectively these results suggest that hypoalgesia in PPT after lumbar SMT and 
sham may occur selectively in people who also experience a rapid symptomatic 
improvement (within 24 hours of the intervention). However, since changes appeared 
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to be brief, they may not be contributors to improvements in subjective pain. They may 
also be spurious findings since they were not consistently observed in different 
locations or over multiple time points.  
As the first study to have investigated this topic, and given the uncertainty in our 
findings, it is difficult to speculate on the neurophysiological mechanisms of SMT based 
on these findings. This is a potential area for future research. 
Baseline differences in quantitative sensory tests between low back 
pain trajectories cannot be ruled out 
Based on previous literature, we expected that our persistent LBP group would 
have significantly lower PPTs compared to our healthy participants and speculated that 
episodic LBP participants might lie between the two ‘extremes’. There are two possible 
broad reasons why we did not observe any between-group differences. First, it may be 
that there were no real differences between our persistent LBP and healthy groups. This 
may be because our LBP population was recruited from the general population and 
therefore may have had less ‘severe’ LBP compared to some other studies, which often 
recruit from primary care or specialist pain centre populations. Those with less ‘severe’ 
LBP may have QST profiles closer to healthy individuals. 
Second, it may be that there are real differences between these groups that were 
not captured in our study. Since we did observe a non-significant pattern in line with 
our expectations, this appears to be a reasonable possibility. The lack of significant 
differences may relate to the high variability observed in our data, as suggested by the 
large confidence intervals. This variability was observed particularly in the 
asymptomatic and episodic LBP groups, which both had smaller sample sizes than the 
persistent LBP group. 
We have identified only one other study that has investigated differences in QST 
between LBP trajectories [93]. Their results reflect our own, finding no differences 
between PPT and TS in people without LBP, with recurrent LBP, with ‘mild’ chronic 
LBP, and with ‘severe’ chronic LBP [93]. However, both our study and the study by 
Goubert et al. [93] contradict the conclusions from a recent high-quality systematic 
review [79]; decreased PPT (between 0.37-2.23 kg/cm PP2PP) and increased local TS (of 0.84 
using the wind-up ratio) is observed in people with chronic and sub-acute LBP 
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compared to healthy individuals. The differences in PPT between healthy participants 
and those with persistent LBP in our study were 0.38-1.46 kg/cm PP2PP, though none were 
statistically significant. We cannot directly compare TS effect sizes since different 
formulae are used to calculate TS in our study compared to the systematic review. The 
systematic review also found that remote TS did not appear to differ between groups 
[79], and since we only tested remote TS, we may have missed local differences in TS. 
On balance, this suggests that the results from our study may not be reflective of 
the true differences between groups. For the above reasons, we cannot confidently rule 
out the possibility of differences in QST between LBP trajectories based on our results. 
A larger sample size may be necessary to explore this topic further. 
Methodological Considerations 
There are numerous strengths and limitations that should be kept in mind 
regarding the studies in this thesis.  
Our systematic critical review (Chapter Two) was only the second to have 
conducted meta-analyses. We identified a large number of studies that met the 
eligibility criteria, though there were few studies for types of QST other than PPT. We 
developed a custom quality assessment tool, though we did not exclude studies on the 
basis of quality. Our meta-analysis results may overestimate the true effect size as 
poorer quality studies tend to have inflated effect sizes. There was significant variability 
in the included studies in their populations, testing sites, follow-up times, and analysis 
methods, which is reflected in the high heterogeneity reported in the meta-analyses. 
The feasibility study (Chapter Three) that tested our TS protocol was successful, 
and the protocol was subsequently used in the main study described in this thesis 
(Chapters Five through Seven). Importantly though, the feasibility study was not 
designed to validate the Neuropen with Neurotips for eliciting TS. In addition, we made 
changes to the widely used DFNS protocol for TS [50] by using a train of only five 
stimuli (compared to a train of ten) and using an average or three measures (instead of 
five) for reasons outlined in Chapter Three. It should also be noted that the Neuropen 
is designed to exert 40g of pressure when pressed in until markers on the device line 
up, but since this is operator-controlled there is likely to be a small amount of 
variability in the amount of pressure exerted with each stimulus. This was not tested 
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specifically. The participants were also young and asymptomatic, hence differ from the 
participants used in the main trial in this thesis. 
While the analysis of our failed randomised controlled trial (Chapter Four) offered 
valuable insights into participant recruitment and facilitated the success of our main 
trial, there are numerous limitations. Most notably, this was a post-hoc qualitative 
analysis based on the limited data available at the time the trial was terminated. Hence, 
the conclusions in this study are highly speculative and may not be generalisable to 
other studies. In addition, our recruitment methods were specific to recruiting from 
the general population for relatively common musculoskeletal complaints, also 
somewhat limiting the generalisability of our conclusions. 
There are numerous strengths and limitations in the main trial, contained in 
Chapters Five through Seven. Foremost, the sham intervention we used was based on 
a validated sham protocol [181] and was able to successfully deceive the majority of 
participants in the sham group. The sham was structurally similar to a real lumbar SMT 
and fulfilled three out of four criteria identified as important in a high-quality SMT 
sham [157]. Some may argue that the sham might not be inert, however there was no 
hands-on contact to the spine, no force was applied to the spine, and the spine was kept 
relatively neutral. Hence, we judge that the intended key therapeutic component of 
SMT (the HVLA thrust targeting a spinal joint) was absent from the sham, while most 
other elements were similar.  
Unfortunately, we were unable to assess blinding success statistically using a 
blinding index, as participants were not given an “unsure” option when asked whether 
they thought that had received a real treatment or not. However, the expected effect of 
inadequate blinding in our study would be increased PPT and decreased TS after SMT 
greater than after sham, as a result of different expectations between groups (placebo 
hypoalgesia). In our case, both intervention groups exhibited similar changes in PPT 
and TS after intervention, suggesting that placebo effects were relatively equal between 
groups. In the case of PPT, there was little change over time in either group, and thus 
it appears that no hypoalgesia (placebo or otherwise) occurred after lumbar SMT. For 
TS, hypoalgesia was equivalent between groups, and hence, the source of hypoalgesia 
may have been related to placebo effects in both groups and/or other analogous factors 
between the interventions such as the positioning or hands-on contact. 
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It is also likely that our LBP participants are highly heterogenous. Since our 
inclusion criterion was that they had been bothered by LBP in the previous 12 months, 
there is likely significant variability in the temporal pattern of pain and its functional 
impact on each individual. We did not collect data on disability, or the frequency of 
episodes of LBP in those who self-selected an episodic LBP trajectory. There were four 
participants who reported no LBP in the 24 hours prior to participating. It has however 
been reported that PPT and TS are poorly correlated to subjective pain intensity [77]. 
Baseline subjective LBP intensity was found not to be a relevant modifier to the 
statistical models in the analyses conducted in Chapters Five through Seven. One of 
these participants was considered a rapid responder, suggesting that features other 
than subjective pain intensity contribute to the experience of LBP.
The participants in the main study may also have been different to participants in 
many other studies of QST in LBP populations, which is particularly pertinent for the 
secondary analysis described in Chapter Seven. As discussed in that manuscript, our 
participants may have been generally younger and had more ‘mild’ LBP, which may 
result in different QST outcomes. It may be that the lack of baseline differences in PPT 
and TS between our LBP participants and non-LBP participants reflects a lack of 
sensitised individuals in our population, and this could also explain why we observed 
no differences in manipulation-induced hypoalgesia after SMT compared to sham.
Importantly, we used only two types of QST in our studies. PPT and TS were chosen 
primarily because they are the most commonly used types of QST when studying the 
neurophysiological effects of SMT, allowing us to focus on the clinical relevance of these 
measures. These two QST represent a limited selection of stimulus types (pressure and 
pinprick) and ‘domains’ of sensation (detection threshold and summation of pain), 
which may not always be the most relevant QST for people with spine pain or for 
investigating the effects of SMT.  We acknowledge that other types of QST may offer 
additional insight into this topic. Composite scores of QST have been used in studying 
sensitisation processes in people with LBP [182], and this may also offer an avenue for 
investigating changes in QST after SMT. These are potential areas for future research.
In the secondary analysis discussed in Chapter Six, we identified rapid responders 
based on their subjective improvement within 24 hours of participating in the study. 
While prior research strongly suggests that these rapid responders will also be longer-
term responders, we cannot confirm that our rapid responders are indeed responders 
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over a longer time period. It is also important to note that the LBP trajectories, which 
are predominantly discussed in Chapter Seven, were self-selected by participants and 
hence are subject to recall bias and misinterpretation of the questionnaire. The Visual 
Trajectories Questionnaire has, however, shown criterion-related validity when 
compared to LBP data collected via frequent text messages [183]. 
The main trial also has low external validity for several reasons. In practice, SMT is 
often delivered as part of a package of care rather than a sole intervention, and often 
multiple SMTs targeting different vertebral levels are delivered in a single treatment 
session. Generally, SMT is targeted toward one or several specific vertebral levels that 
are perceived to be hypomobile or ‘dysfunctional’ by the practitioner. Thus, a single 
SMT delivered to a pre-specified vertebral level in a highly controlled experimental 
setting involving repeated QST measurements is very different to the setting in which 
SMT is typically delivered by practitioners. 
We were, however, able to replicate some of the features in a typical clinical 
encounter. Participants attended the university’s chiropractic teaching clinic and 
waited in the clinic reception space prior to be being brought into the research room. 
The research room was set up in a similar fashion to a typical manual therapy treatment 
room. Additionally, the assessor conducted a verbal LBP history on each participant at 
the beginning of their visit. These features may have worked to enhance the legitimacy 
of the participation process, foster trust with the assessor, and replicate the feel of 
attending a normal clinic for treatment. 
Recommendations and Perspectives 
Based on the work in this thesis there are several research directions that may be 
worth exploring. We make the following comments regarding future research into 
manipulation-induced hypoalgesia: 
• As there are many low to moderate quality studies, further studies on 
manipulation-induced hypoalgesia must address clear and specific gaps in the 
current literature and utilise high-quality methods to contribute to this field. 
• Overall, a major shortcoming in manipulation-induced hypoalgesia research is the 
unclear clinical relevance. Future research should focus on further investigation of 
whether changes in QST after SMT contribute to clinical outcomes. 
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• Since very few studies investigate types of QST other than PPT and TS, we 
recommend investigating other types of QST and potentially composite QST 
scores in order to investigate their clinical relevance. 
• Given the inconclusive nature of our study on rapid responders, investigating 
hypoalgesia in responders to SMT may shed further light on the clinical relevance 
of changes in QST. PPT appears to be of more interest than TS in this area. 
• If subsequent studies fail to demonstrate that changes in QST are clinically 
relevant, we suggest that manipulation-induced hypoalgesia research be 
abandoned in favour of other avenues for understanding the neurophysiological 
effects of SMT. 
• High-quality sham-controlled studies are strongly recommended. For appropriate 
sham interventions, we recommend using a procedure that is structurally similar 
to the real SMT and actively seeks to deceive participants, as well as assessing 
blinding success. Controlling contextual effects is also important, including 
expectations about the treatment and outcomes, length of treatment, and the 
interaction between the participant and researchers. This is particularly pertinent 
for studies using TS, as our randomised controlled trial appears to be the only 
sham-controlled study investigating changes in TS after SMT thus far. 
• A direct comparison of hypoalgesia after cervical vs. lumbar SMT would help clarify 
whether there are indeed regional differences in manipulation-induced 
hypoalgesia. 
• The vast majority of studies only measure QST in the very short term after SMT. 
We recommend studies investigate changes over longer time periods, such as 
hours to days after intervention. It should be kept in mind, however, that the 
between-day reliability for TS is limited. 
• There were no differences in manipulation-induced hypoalgesia based on LBP 
trajectory, and thus we feel this may not be a fruitful area for future research. 
• Our systematic review (Chapter Two) contains additional recommendations to 
enhance the quality of research in this area. 
Finally, our research is unable to confidently rule out the possibility of differences 
in PPT and TS at baseline in those with episodic LBP compared to those with persistent 
LBP. Given that the literature on this topic is currently highly limited, we feel that 
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future research would be valuable and may shed additional light on the sensitisation 
processes occurring in different LBP trajectories. 
From a clinical perspective, our results suggest that part of the clinical benefit of 
lumbar SMT in people with LBP may relate to reduced pressure sensitivity (increased 
PPT), however our findings were inconclusive. This also seems to occur after a sham 
manipulation, thus, reduced sensitivity is not a specific effect of lumbar SMT. Based on 
our work, reductions in dorsal horn neuron excitability (reduced TS) do not appear to 
account for the clinical pain relief many patients experience after lumbar SMT. It 
should be kept in mind that we did not assess the clinical effectiveness of SMT and our 
findings only provide insight into the neurophysiological changes that may or may not 
be occurring after SMT in adults with musculoskeletal pain. 
Conclusion 
The work contained within this thesis has investigated short-term changes in PPT 
and TS after SMT in musculoskeletal pain populations, and differences in baseline PPT 
and TS in different LBP trajectories. We conducted a systematic critical review with 
meta-analyses, assessed the feasibility of a TS protocol, drew recruitment lessons from 
a failed randomised controlled trial, and conducted a successful randomised sham-
controlled trial in LBP patients with multiple secondary analyses. 
We found that PPT appears to be reduced in the very short-term after SMT in our 
systematic review, though this effect may be isolated to cervical and thoracic SMT. 
There is low-quality evidence that there is no difference compared to sham. In our 
randomised controlled trial, we did not observe any significant changes in PPT after 
lumbar SMT in adults with LBP, nor any difference to a credible sham intervention. 
Cumulatively, this work suggests that hypoalgesia in PPT may not occur after lumbar 
SMT and may not be a specific effect of SMT in people with musculoskeletal pain. It 
also appears that LBP trajectory does not influence changes in PPT after lumbar SMT 
or sham. 
While our systematic review only included one study reporting post-intervention 
TS, our randomised controlled trial found that TS decreased over time after lumbar 
SMT and sham manipulation, with no differences between groups. There are few other 
studies on this topic, mostly in asymptomatic participants and none with a sham 
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comparison, which largely agree with our findings of decreased TS over time. LBP 
trajectory did not appear to influence changes in TS after lumbar SMT or sham. 
We also found that those who had a rapid improvement in LBP after lumbar SMT 
or sham had some very short-term selective hypoalgesia in PPT but not TS. This could 
potentially contribute to symptomatic improvement or may be a spurious finding. 
On comparing baseline PPT and TS in asymptomatic, episodic LBP, and persistent 
LBP participants, we found no significant differences between groups. This is in conflict 
with the bulk of previous literature comparing asymptomatic and chronic LBP 
participants, though little work has been done comparing episodic and persistent LBP. 
We did observe a non-significant pattern in PPT between groups that is consistent with 
this prior literature. Hence, we cannot confidently rule out the possibility of differences 
between LBP trajectories based on our study and the previous literature. 
Our understanding of manipulation-induced hypoalgesia would best be served by 
future high-quality studies that use a credible sham intervention and assess blinding, 
that compare cervical against lumbar SMT, and that ask specific questions regarding 
the clinical relevance of any changes in QST. Future work to clarify whether or not 
there are any differences in PPT and TS based on LBP trajectory would also be valuable 
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Addendum 
This addendum contains various matters that were considered and commented on by 
the three examiners of this thesis, with a response provided to each. 
The submitted manuscript contained in Chapter Four has not been published and, at 
this point in time, we have chosen to maintain this study as a standard chapter in this 
thesis. Relevant changes to the structure of the chapter and use of abbreviations (for 
consistency) have been made, but the content remains the same as in the examined 
version of this thesis. 
Since examination, the manuscript contained in Chapter Seven has completed peer-
review and been published with some changes to the discussion and conclusion 
sections. The published manuscript has now been included in this thesis. 
Examiners noted several grammatical errors throughout the thesis. These were 
amended on an as needs basis. Examiner Two also noted the possibility of potential 
copyright issues with the use of published manuscripts. It has been confirmed that 




1. There is however, one rather less than
clear presentation of the data in this
chapter that I feel needs addressing and
may indeed be addressed within the
same peer review process mentioned
above and triggered by submission. It
centres around the apparent
presentation of just one set of data for
an intervention i.e.
Table 3. Differences between low back
pain trajectories in change of pressure
pain threshold and temporal summation
after lumbar manual therapy
intervention.
Given the methodology clearly indicates
sham and ‘real’ SMT were investigated
it’s not clear whether this lumbar
manual therapy intervention is a
summation of both intervention groups
or just the ‘real’ SMT. Although the
reasons for not including a between
sham and SMT analysis are alluded to in
the methodology statistical section
(Intervention group was not included as
a covariate since it was not relevant in
the univariate models, there were no
meaningful differences in change in
QST between intervention groups [8],
and the episodic and persistent LBP
trajectory groups had a similar
distribution of participants that received
SMT and sham) it is not clear to this
reader at least what in Table 3 the
‘lumbar manual therapy intervention’
was. I would consider this only a minor
amendment to improve clarity.
Unfortunately, the suggestion to 
clarify the title in this figure cannot 
be accomplished as the article has 
subsequently been through peer-
review and is now published. 
However, for clarity, the figure does 
show the data with both 





2. The author has tended to write some
rather long and wordy Methods sections
in the published papers. This is a matter
of style and preference of course, but
QST method sections are often quite
short and concise, almost staccato in
style.
Since the methods are primarily 
contained within published 
manuscripts, unfortunately this 
comment about style cannot be 
addressed. However, the point is 
noted. 
3. Conversely, the author makes use of a
very limited set of QST procedures:
mechanical deep pressure pain detection
threshold (PPT) and temporal
summation of superficial pin prick (TS).
It is unlikely that superficial pain
sensitivity changes in the face of chronic
low back pain and QST tests of deep pain
sensitivity are more relevant. Whilst PPT
is the most commonly used QST
procedure for low back pain studies it
represents only a single facet of the more
complex phenomenon of pain sensitivity
(detection threshold, tolerance threshold,
stimulus-response relationships, spatial
extent, conditioned pain modulation and
others).
This comment is reiterated in 
comment 5. Please see our detailed 
response to that comment. 
4. Furthermore, the study population was
constituted of younger individuals with
relatively low clinical pain intensity.
Typically (and arbitrarily), significant low
back pain intensity is considered to be 3+
on a 0-10 VAS – current low back pain is
reported to be 2.5-2.7.
This comment is reiterated in 
comment 6. Please see our detailed 
response to that comment. 
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5. The limitations are openly discussed
(page 137 in the thesis) to some degree by
the authors, but less so in the published
papers. In the methodological
considerations of published papers, more
emphasis is placed on speculations about
the number of treating clinicians, the
segment targeted by SMT and blinding of
the sham procedure.
In an oral defense, I should challenge the
candidates view on these methodological
issues, how they should temper her
conclusions, how they relate to the
existing literature which (mostly) reaches
different conclusions, etc. Is it possible,
that no effects of SMT on pain sensitivity
was observed because, no baseline
differences in pain sensitivity existed?
Could that be because a) the study
population did not include a significant
number of sensitized low back pain
patients and/or b) the QST protocol was
insufficient to detect it?
These are interesting questions and 
deserve further research. 
Accordingly, we have added the 
following to the Methodological 
Considerations section in Chapter 
Eight: 
“It may be that the lack of baseline 
differences in PPT and TS between 
our LBP participants and non-LBP 
participants reflects a lack of 
sensitised individuals in our 
population, and this could also 
explain why we observed no 
differences in manipulation-induced 
hypoalgesia after SMT compared to 
sham.” 
6. Since it is too late for the published
papers, I recommend two
changes/additions to chapter 8
(Discussion):
A) A more detailed discussion of the
potential importance of the study
population in the randomized trial. The
literature by-and-large demonstrate
increased pain sensitivity in patients with
chronic low back pain, but not acute
pain. The literature clearly demonstrates,
that this is not a simple 1-to-1
relationship, but rather that pain
sensitive individuals exist in both groups,
but at different rates. The authors note,
that their findings of no difference in
pain sensitivity at base line between low
back pain trajectories is in contrast to the
literature. They ought therefor discuss
whether the study populations are
comparable.
The manuscript in Chapter Seven has 
since completed peer-review and 
been published, which includes a 
more detailed discussion on this 
topic. 
However, in Chapter Eight the 
following has been added to the 
Methodological Considerations 
section: 
“The participants in the main study 
may also have been different to 
participants in many other studies of 
QST in LBP populations, which is 
particularly pertinent for the 
secondary analysis described in 
Chapter Seven. As discussed in that 
manuscript, our participants may 
have been generally younger and had 
more ‘mild’ LBP, which may result in 
different QST outcomes.” 
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7. B) A detailed discussion of the potential
importance of the limited QST battery
employed in the randomized trial. This
seems lacking from the discussion in
chapter 8. Quantifying pain sensitivity
using QST procedures involves a number
of choices: Which stimulus modality to
use (mechanical, thermal, chemical,
‘complex’) and which domain of pain
sensitivity to quantify (detection
threshold, tolerance, intensity,
distribution, ‘complex’ modulation, etc).
These choices in turn, determine which
underlying aspects of sensory physiology
can be analysed. It is not known, nor
obvious which (if any) are of greatest
clinical relevance.
Thank you for pointing this out. The 
following has been added to the 
Methodological Considerations 
section in Chapter Eight: 
“Importantly, we used only two types 
of QST in our studies. PPT and TS 
were chosen primarily because they 
are the most commonly used types of 
QST when studying the 
neurophysiological effects of SMT, 
allowing us to focus on the clinical 
relevance of these measures. These 
two QST represent a limited selection 
of stimulus types (pressure and 
pinprick) and ‘domains’ of sensation 
(detection threshold and summation 
of pain), which may not always be the 
most relevant QST for people with 
spine pain or for investigating the 
effects of SMT.  We acknowledge that 
other types of QST may offer 
additional insight into this topic. 
Composite scores of QST have been 
used in studying sensitisation 
processes in people with LBP [182], 
and this may also offer an avenue for 
investigating changes in QST after 
SMT. These are potential areas for 
future research.” 
Additionally, the following point has 
been added to the list of 
recommendations: 
“Since very few studies investigate 
types of QST other than PPT and TS, 
we recommend investigating other 
types of QST and potentially 
composite QST scores in order to 





8. Page 1: The Global burden of disease
initiative regularly updates data regarding
LBP prevalence and burden. The most
recent updates should be included in the
final version of the thesis. Are there any
Australian statistics related to direct and
indirect costs of LBP?
The most recently published Global 
Burden of Disease report has been 
used in this chapter. There are two 
Australia-specific references used in 
this section of the chapter [4 and 5], 
but as the primary purpose of this 
thesis is not related to the burden of 
LBP, we have decided, on balance, 
not to report specific data relating to 
costs. 
9. Page 2: It is perfectly right to say that
there is actually no “superior” treatment
for LBP, but I would also add that for all
treatments effect sizes are quite small.
This can also be explained by the lack of
useful classification and great
heterogeneity across patients.
We note your point, and have added 
a comment regarding small effect 
sizes into the following sentence: 
“While there are many treatment 
options available, none have been 
shown to be especially superior to 
others and effect sizes tend to be 
small [10, 16].” 
10. Page 3: Identifying trajectories has helped
us understand the nature and course of
LBP. Persistent and episodic trajectories
were identified and, within these two
broad categories, patterns of pain
intensity exist. Patients rarely switch from
a low pain-low disability profile to a
higher pain and disability levels and vice-
versa. I believe this should be considered
in every LBP study as we all tend to test
more functional (low pain-low disability)
groups of patients.
The examiner raises a fair point 
regarding the variability within the 
broad categories of episodic and 
persistent LBP. We note in Chapter 
One that there are various 
subgroups. In the manuscript within 
Chapter Seven we also acknowledge 
that there are limitations with using 
this broad grouping, and 
acknowledged there and in Chapter 
Eight that this means there is likely 
significant heterogeneity within the 
episodic and persistent LBP groups 
which might affect our results. 
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11. Page 4: the transition from
epidemiological data to assessment tools
(QST) is a slightly abrupt with little
context about assessment of LBP. It is not
explained why PPT and TS are more
relevant than other approaches. That
being said, the psychometrics of QST are
clearly presented, which in itself partly
justify such methodological choices.
We acknowledge that this transition 
is somewhat abrupt, although we 
found this is difficult to avoid. In 
order to highlight the rationale for 
focusing on PPT and TS, we have 
added the following near the 
beginning of the QST section of 
Chapter One: 
“Two types of QST, pressure pain 
threshold (PPT) and temporal 
summation (TS), are the most 
frequently used QST in studies 
investigating the neuro-physiological 
effects of spinal manipulative 
therapy and are used in the studies 
in this thesis. Hence, PPT and TS are 
the most relevant and are discussed 
in detail below.” 
12. Page 5: How should patients/individuals
that do not respond to TS be considered
in experimental studies? Should they be
flagged and excluded, or included? Should
changes in pain be used as a covariable in
statistical analyses?
In the DFNS protocol [50] there is no 
mention of special consideration for 
participants that have a temporal 
decrease or no change in pain during 
a TS protocol. As discussed in 
Chapter One, Anderson et al. [48] 
suggest that TS data can be 
approached using either pre-defined 
categories or as a continuous 
measure but did not recommend 
either approach over the other. We 
chose to use the latter approach but 
acknowledge the point the examiner 
is making. 
13. Page 8: the second paragraph describing
remote PPT changes in LBP patients is
very interesting but there seems to be
numbers or explanations missing to fully
understand the data proposed for PPT %
increases in LBP patients.
We have included some additional 
clarification in this paragraph that 
we trust explains our calculations 
better, as follows: 
“To allow for a relative comparison 
using percentage differences 
between the healthy and LBP 
populations, we calculated the 




14. Page 10: The Bergman definition of HVLA
SMT is a little simplistic and you will find
better definitions in published articles by
authors such as Herzog, Triano and in
some of the work from our research team.
We acknowledge that there are 
varying definitions for HVLA SMT. 
Having reviewed articles by some of 
the suggested authors, we feel that 
the key components of HVLA 
techniques are identified in the 
definition we have used. 
15. Also I do not find the “Predicting
responders to spinal manipulative
therapy” very useful, as the thesis does not
investigate classification systems and does
not explore longer-term outcomes.
We considered the examiners point 
carefully. This section of the thesis 
provides the background and 
supports the rationale and methods 
used in Chapter Six, the secondary 
analysis where participants are 
categorised as responders and non-
responders. For this reason, we will 
retain this section. 
16. Page 13: What would be the possible
methodological factors that could explain
the lack of consistent SMT effects in the
lumbar spine, compared to cervical and
thoracic spine.
The text contains some examples of 
methodological reasons for why 
there might be discrepancies, “e.g. 
the sites tested and study 
populations,” but this is speculative. 
17. Theories to explain the clinical effects of
spinal manipulative therapy: One study
coming out of my colleague’s lab, Mathieu
Piché might be of interest for this section
(or previous ones) and is rarely cited
because the title does not refer to spinal
manipulation.
Desmarais A, Descarreaux M, Houle S, Piché
M. Tuning the gain of somato-sympathetic
reflexes by stimulation of the thoracic spine in
humans. Neurosci Lett. 2011;490(2):107‐111.
doi:10.1016/j.neulet.2010.12.037
Thank you for the link to this 
interesting study. We have chosen 
not to reference it as this section is 
intended as a broad overview and as 
such, we have only referenced broad 
reviews and discussion papers on 
this topic. 
Chapter Two 
18. Why aren’t QST and clinical outcomes of
pain correlated? Most pain researchers
have faced this intriguing question. Could
studies showing strong or weak
association help us understand the
underlying SMT mechanisms of action?
What would a stronger or weaker
association indicate or suggest?
In the face of evidence that there is a 
poor correlation between QST and 
subjective pain, and the inconclusive 
clinical correlation between changes 
in QST and clinical outcomes in this 
PhD, these questions are highly 
speculative and outside the scope of 
this thesis. So, although this is an 




19. PPT and TS are often chosen because of
their simplicity and relative accessibility.
What do other QST procedure have to
offer and what potential answer could
they provide?
Since other types of QST have 
infrequently been used to investigate 
changes in QST after SMT, their 
utility in this area of research is 
unknown and worth further study. 
This topic has been highlighted as a 
limitation of the thesis in a 
paragraph added to the 
Methodological Considerations 
section of Chapter Eight. 
20. Other factors: Were there any differences
in studies where factors such as SMT
target joint, single vs multiple SMT, etc…
As these were not specific questions 
that we investigated in the 
systematic review, we did not discuss 
this in the manuscript. However, this 
information is noted in Table 3 in 
the manuscript. We did qualitatively 
identify that changes over time in 
PPT seemed to occur regardless of 
whether the SMT was delivered to a 
pre-specified vertebra or the target 
was chosen by the therapist. 
21. Why is PPT increasing overtime, even
with sham procedures? Is this an
experimental effect? A learning effect or
habituation effect?
This is a valuable question, but to 
our knowledge it has not been 
investigated. To address this point, 
the following has been added to the 
Chapter Eight in the section dealing 
with changes in PPT: 
“The hypoalgesia that has been 
observed in studies is unlikely to be 
related to learning or habituation 
effects, since PPT is reliable within- 
and between-day [40, 41].” 
22. Are you aware of any studies in other
languages, if so how many? This is not
discussed in the paper.
As noted in Figure 1 (flow chart), 
there were five studies excluded as 
they were not available in English. 
This has been noted in Chapter Eight 
in the section dealing with changes 
in PPT as follows: 
“Additionally, five studies were 
excluded from this review as they 
were not available in English. These 




23. Given your experience, what would you
suggest to control as potential contextual
effects?
In any study in this area, we would 
control as much of the context as 
possible. This has now been 
mentioned specifically in Chapter 
Eight as part of the recommendation 
relating to sham-controlled studies, 
as follows: 
“Controlling contextual effects is also 
important, including expectations 
about the treatment and outcomes, 
length of treatment, and the 
interaction between the participant 
and researchers.” 
Chapter Three 
24. Page 45: the use of a thermode (and the
lack of access to such equipment) is
mentioned by the candidate. What are the
pros and cons of using such tool for TS
protocols?
Since TS can be elicited effectively 
with various painful stimuli, the 
primary advantage of a thermode 
would be the ability to more 
precisely control the stimulus 
intensity and timing. Since we do not 
use a thermode, we feel it is 
unnecessary to comment on this in 
the thesis. 
25. Perhaps asking if participants would be
willing to participate while in pain would
have been an interesting question.
We agree this might be an 
interesting question, although we 
suspect it may be challenging for 
asymptomatic participants to answer 
such a question effectively when 
adding hypothetical pain to the 
scenario. We have chosen not to add 
a comment on this to the thesis. 
149 
Comment Response 
26. I am not familiar with the Neuropen and I
am trying to understand how the pressure
is kept constant between trials. Would not
this be a potential issue with the use of
the Neuropen?
This is a worthy question. It is noted 
in the manuscript in Chapter Three 
that pressing in the Neuropen until 
markers on the device line up exerts 
40g of pressure, and that the 
protocol involves pressing in the tip 
until this point for each stimulus. To 
address the examiners concern about 
the consistency of this stimulus, the 
following has been added to the 
Methodological Considerations 
section in Chapter Eight: 
“It should also be noted that the 
Neuropen is designed to exert 40g of 
pressure when pressed in until 
markers on the device line up, but 
since this is operator-controlled 
there is likely to be a small amount 
of variability in the amount of 
pressure exerted with each stimulus. 
This was not tested specifically.” 
27. I do not think a qualitative assessment of
the questionnaire was performed. You
have conducted descriptive analyses and
looked at responses to an open question.
Yes, that is correct. Since this was 
designed as a feasibility study (not a 
validation study), no qualitive 
assessment of the questionnaire was 
performed. 
28. Is there any possibility that some of your
participant could have learned about TS in
school and therefore would have therefore
changes their score (consciously or not) to
fit the theoretical model?
This is highly unlikely. TS is not 
taught explicitly in the chiropractic 
course at the university, and, if 
discussed in a research context, 
would not be explained in detail. 
29. The results are quite convincing and my
question to the candidate would be the
following: The protocol seems to be
suitable for research but could it be
generalized to clinical settings and what
training would be needed to adequately
conduct the TS assessment?
The procedure could, in theory, be 
used in a clinical setting, although 
we are unsure of how this might be 
useful given the unclear clinical 
relevance of TS as present. However, 
we anticipate that minimal training 
would be required since TS testing 
can be performed with simple 
equipment, a simple procedure, and 
simple recording/calculation. 
30. It would be interesting to compare the
thermode (which we have in our Lab and
the Neuropen protocol).
We agree, it would be interesting to 
compare TS results using different 
types of painful stimuli/devices. To 
our knowledge there is minimal 




31. The paper in itself is interesting and
should be read by every young graduate
students to contextualize the challenges,
and never-ending task and commitment,
that is recruitment. That being said, I
thought the chapter disrupted the flow of
this otherwise very coherent thesis. The
candidate may consider including the
article as an appendix to the thesis.
We appreciate the examiner’s 
comment regarding flow. However, 
we feel that keeping this chapter as 
part of the chronological journey of 
this thesis makes sense. We have 
chosen to retain this chapter as is. 
32. The paragraph (page 68) discussing “risk
of participating” is purely speculative and
not based on any solid data or
observation. I think it should be removed
from the discussion.
We acknowledge that this is purely 
speculative. However, it is not 
uncommon in clinical practice to 
have patients who are apprehensive 
about SMT (particularly cervical 
manipulation), and therefore, we feel 
it is worthwhile mentioning. 
Chapter Five 
33. Not sure why the titles of the chapter and
of the published article are different?
The titles of several chapters are 
intentionally different to the 
manuscripts they contain in order to 
shorten the chapter titles. 
34. Could including only participants that are
not familiar with chiropractic induce
another form of bias? Would that change
expectation or potential fear of treatment?
It is indeed possible that including 
only participants who are naïve to 
chiropractic care might introduce its 
own set of biases. In the interests of 
clarity, we would like to note that we 
did not exclude participants who had 
had chiropractic care previously, 
only those that had had it within the 
previous week. 
35. Was the randomization stratified or
minimized for any potential confounding
factor?
No, randomisation was not stratified 
or minimised. 
36. Who performed the QST evaluation? Was
it always the same investigator, how was
he trained?
The PhD candidate (Sasha Aspinall) 
performed all QST measurements in 
the studies. This is noted in the 
manuscript. 
37. Psychometrics are presented for all
outcomes except self-reported pain? Was
the same tool used in person and by
phone (verbal scores)?
We did not report clinimetric 
properties of self-reported pain 
intensity as these data are not used 
as outcome measures but purely to 
help describe our participants.  
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38. Have you considered including an
assessment of the Sham efficacy, testing
how credible your sham procedure was,
how many participants guessed in which
group they were, etc.?
We assessed the effectiveness of the 
sham at deceiving participants by 
asking whether they thought they 
received a real treatment, as reported 
and discussed in the manuscript. We 
acknowledge in the limitations that 
it may have been valuable to assess 
the credibility of the interventions 
more directly. 
39. It is known that even low forces can
trigger muscle responses in the treated
area, were there any “physiological or
mechanistic” validation of the sham
procedure?
The sham procedure has not been 
validated for inertness. We 
acknowledge this point and discuss 
this possibility in the Methodological 
Considerations section of Chapter 
Eight as follows: 
“Some may argue that the sham 
might not be inert, however there 
was no hands-on contact to the 
spine, no force was applied to the 
spine, and the spine was kept 
relatively neutral. Hence, we judge 
that the intended key therapeutic 
component of SMT (the HVLA 
thrust targeting a spinal joint) was 
absent from the sham, while most 
other elements were similar.” 
40. How were missing data accounted for?
There seems to be two different
approaches that are not clearly justified.
Why not use computational approaches,
which are very effective when only a small
percentage of the data are missing?
At the recommendation of our 
biostatistician and co-author, Angela 
Jacques, we imputed only those data 
where we had some data at the same 
time point on which to base the 
imputation. For those time points 
with completely missing data, the 
best option was to leave that data 
missing as the linear mixed models 
use maximum likelihood estimation 
methods to deal with the missing 
data. This is noted in the 
manuscript. 
41. Would you consider your groups to be
“typical”? They seem to be moderately
affected by LBP with limited yellow flags
and comorbidities? What can we conclude
about generalization?
As discussed in detail in our 
response to comment 6 (raised by 
Examiner Two), we have added 




42. Would the inclusion of force-sensing
technologies to control for the inherent
variability between SMT trials be helpful?
Would a standardization of the dose be
possible or helpful?
The use of force-sensing 
technologies would allow researchers 
to address the interesting possibility 
that there might be a relationship 
between the amount of force used in 
SMT and any hypoalgesic response. 
The usefulness of standardising the 
‘dose’ would depend on whether the 
dose of SMT results in variable 
clinical or neurophysiological 
outcomes. We know that some 
neurophysiological and 
biomechanical responses are dose-
responsive, but to our knowledge 
there is no research suggesting that 
the force of an SMT is clinically 
relevant. 
Chapter Six 
43. I do not understand the premise that,
“since biomechanical parameters” can
predict responders, QST should also
predict responder? What is the
physiological link between the two? Is one
a by-product of the other? This needs
more support.
We are not presuming a link 
between biomechanical and 
neurophysiological outcomes but are 
demonstrating that responders vs. 
non-responders to SMT appear to 
have differences in some 
experimental outcomes 
(biomechanical), so therefore it 
makes sense to explore others (in 
this case, QST). 
44. Has the GBRS scale been validated for
very short-term changes? Testing
reliability and other clinimetric properties
when memory bias are involved can prove
to be very challenging.
According to Kamper et al. [J Man 
Manip Ther, 2009;17(3):163-70] how 
time affects the clinimetric 
properties of global change scales is 
unknown, but the authors suggest 
they might become less reliable over 
longer time periods due to 
difficulties with patient recall. 
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45. How was the delay for rapid versus non-
rapid response determined? Was this
established “a priori” or following
preliminary analyses?
The definitions for responders vs. 
non-responders was established a 
priori based on the generally 
accepted minimal clinically 
importance difference of 2 using an 
11-point global rating of change
question. This is explained in the
manuscript, as follows:
“Participants were categorised as
‘rapid responders’ if they rated their
change from the start of the study as
at least +2 on the mGBRS at either
the post-intervention time point or
24 h follow-up, or both. If a
participant did not report at least +2
improvement at either time point,
they were classified as ‘non-rapid
responders’.”
Chapter Seven 
46. There may be methodological and
statistical limitations to secondary
analyses that were not initially planned
for. Multiplication of analyses may lead to
“false positives” and proper confirmation
or replication of results using a dedicated
design may be needed.
All secondary analyses were planned 
a priori, but we agree that 
replication/additional studies are 
important. 
47. How were the potential modifying
variables chosen?
This is explained in the Statistical 
Analysis section of the manuscript. 
Potential modifiers were assessed 
using univariate linear regression to 
see which were relevant to the data. 
Age and gender were both relevant 
modifiers. Baseline subjective LBP 
intensity was also assessed as a fixed 
effect in the full linear mixed models 
and was found to be irrelevant. 
48. Results from the baseline between-group
analyses should be presented. Only
descriptive data are presented.
In this manuscript, we chose not to 
report on statistical differences in 
baseline descriptive characteristics 
between groups as this practice is 
increasingly dismissed. The current 
CONSORT Statement recommends 
against this, and hence we chose not 
to report on this in the manuscript. 
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49. The first paragraph of the conclusion is a
little confusing, as some sentences
apparently contradict others. The use of
patterns and trajectories may contribute
to the confusion.
This manuscript has since completed 
peer-review and been published. 
Some changes to the Conclusion 
were made in the process, and we 
hope this paragraph is now clearer.  
Chapter Eight 
50. The first section of the discussion is a little
repetitive as the different studies are
already summarised several times in the
thesis. A paragraph or two presenting the
overall results and interactions between
study results would probably be sufficient.
While we take on board the 
comment, another examiner has 
commented that the summary is 
useful in its current form. We feel 
that it effectively brings together the 
findings of the work based on the 
aims set out in Chapter One. 
51. How can we explain the wide range of
value for possible PPT MCID? Is this due
to methodological differences, inter-
individual or anatomical differences?
What should be done to clarify the
question?
No useful MCID values exist because 
PPT has not been shown to be 
clinically relevant. Regarding 
minimum detectable change (MDC), 
it is known that there are significant 
inter-individual differences and 
differences between anatomical sites, 
which would help explain the wide 
variation in reported MDCs. 
52. I find the following sentence to be very
vague. Physiological mechanisms for this
possible explanation should be detailed.
“Thus, the significant differences in
neurophysiology between the cervical and
lumbar spines, as well as the differences in
SMT procedures, offer potential
explanations for the apparent regional
differences in hypoalgesic responses to
SMT.” (page 132)
We acknowledge the examiners 
point, however, after consideration 
we feel that any additional 
discussion of this topic is highly 
speculative and unnecessary. 
53. Is there any literature exploring how non-
specific factors can modulate TS? Studies
investigating the effect of psychological
factors could partly explain some of the
potential effects of SMT on pain and QST
protocols. Especially given the lack of
difference between sham procedures and
SMT.
We are not aware of any specific 
research that investigates the 
relationship between non-specific 
factors and TS. However, in Chapter 
One we discuss research around how 
psychosocial factors influence PPT 
and TS. We agree, however, that 
psychological and non-specific 
factors are likely explanations for the 
changes observed in both groups in 
our main trial. 
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54. I still feel that criteria choice and rationale
for the classification of responders versus
non-responders need to be clarified.
This comment reiterates the point 
made in comment 45. For clarity, we 
have added a very brief description 
of the rapid responders under Aim 5 
in Chapter Eight as follows: 
“…there appears to be some limited 
increase in PPT in people who 
experience a short-term 
improvement in LBP (within 24 
hours) after a lumbar SMT or sham 
manipulation…” 
55. Page 135: “This may be because our LBP
population was recruited from the general
population and therefore may have had
less ‘severe’ LBP compared to some other
studies, which often recruit from primary
care or specialist pain centre populations”.
Has this been analysed? I am not sure I
agree with such affirmation and this is
certainly not what can be observed in
Canada. Any reference to support this
possible explanation? Just as an example
the Goubert study (93) recruited among
colleagues and co-workers and not from
primary care or specialist pain centres.
While this assertion has not been 
formally investigated in a study, we 
provided numerous examples to 
support our observation in the 
manuscript in Chapter Seven and in 
this discussion in Chapter Eight. The 
examiner is correct that the Goubert 
et al. [93] study recruits from the 
general population, which may in 
fact help explain why our results are 
similar to Goubert et al. [93] but 
different to most other studies. 
56. The limitation section is clear, detailing
limitations of each study. Are there any
overarching limitations that would apply
to all or most studies or limitations due to
the interpretation and integration of the
different results presented in the thesis?
As detailed in response to several 
prior comments from Examiner Two 
and Three, additional discussion has 
been added regarding the limited 
QST battery we employed, the TS 
protocol, and the population in our 
main trial which, we agree, are 
overarching limitations to be 
considered. 
57. I still think that the sham procedure may
yield some physiological changes and that
this should be properly discussed.
This comment is reiterated in 
comment 39. Please see our detailed 
response to that comment. 
